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Remarks 

Reconsideration of this Application is respectfully requested. 

Upon entry of the foregoing amendments, claims 1-16 are pending in the application, 
with claims 7-10 withdrawn from consideration, and claims 1, 7 and 11 being the 
independent claims. Claim 1 has been amended to recite the terms "inhibits" and 
"inhibiting." Support can be found, for example, at page 9, lines 18-28. New claims 11-16 
have been added. Support for new claims can be found in the originally filed claims 1-6 and 
at page 9, lines 18-28. These changes are believed to introduce no new matter, and their 
entry is respectfully requested. 

Based on the above amendments and the following remarks, Applicants respectfully 
request that the Examiner reconsider all outstanding objections and rejections and that they 
be withdrawn. 

Supplemental Application Data Sheet 

Submitted herewith is a Supplemental Application Data Sheet (ADS) under 
37 CFR§ 1.76(c), § 1.76(d)(3), § 1.76(d)(4), § 1.48(f)(1) and MPEP § 601.05. The 
Supplemental ADS supplements information in the original ADS, which was filed with the 
captioned application, with bibliographic information for the third inventor, Wolfgang 
Sommergruber, which was provided in the original declaration filed on June 20, 2002 along 
with the Reply to the Notice to File Missing Parts. Under 37 CFR § 1.76(d)(4) and 
MPEP § 601.05, Applicants hereby request the PTO to recapture the information from the 
Supplemental ADS. 
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Nucleotide Sequence and/or Amino Acid Sequence Disclosures 

The Examiner states that the application fails to comply with the requirements of 37 
CFR § L821 through § 1.825 and requires that an initial computer readable form (CRF) copy 
of the "Sequence Listing," and an initial paper copy or compact disc copy of the "Sequence 
Listing" be provided along with an amendment directing the entry of the Sequence Listing 
into the application. 

Applicants previously filed a Substitute Sequence Listing on June 20, 2002, which 

contained minor typographical errors. Specifically, line 160 incorrectly indicated that "12" 

) 

sequences were being submitted instead of "13." Further, in line 120, in the title, the words 
"that modulate" have been replaced with the word "modulating." A corrected paper and 
computer-readable copy of a Second Substitute Sequence Listing is filed with this 
Amendment. Further, in line nos. 140 and 141 of the Second Substitute Sequence Listing, 
the Application Number of the captioned application and the filing date, respectively, are 
provided. The content of the sequence listing information recorded in the computer readable 
form is identical to the paper copy form, and includes no new matter. 

It is respectfully requested that objections under 37 CFR § 1.821 through § 1.825 be 
withdrawn. 

Rejections Under 35 U.S.C. § 112, First Paragraph 

j 

Claims 1-5 were rejected under 35 U.S.C. § 1 12, first paragraph, allegedly for lack of 
written description. Applicants respectfully traverse this rejection. 

The standard for determining compliance with the written description requirement is 
that the applicant must "convey with reasonable clarity to those skilled in the art that, as of 
the filing date sought, he or she was in possession of the invention. The invention is, for 
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purposes of the "written description" inquiry, whatever is now claimed." See, Vas-Cath Inc. 
v. Mahurkar, 935 F.2d 1555, 1563-64, 19 USPQ 2d 1111, 1117 (Fed. Cir. 1991). 

According to the Examiner, the specification does not provide a written description 
of any method for identifying compounds that modulate sister chromatid separation using 
any separase or fragment thereof of any amino acid sequence/structure and biological order 
and any substrate of any amino acid sequence/structure. 

The captioned application claims priority to EP 01 101 252.3, filed January 19, 2001, 
and claims the benefit of U.S. Appl. No. 60/297,440, filed June 13, 2001. Applicants 
respectfully submit that the inventors had possession of the invention as of the priority date 
of January 19, 2001. 

(1) Separase or Fragments thereof: 

Applicants respectfully disagree with the Examiner as follows. 

The specification discloses that separase is a protease. See, p. 1, line 23. Proteolytic 
activities of separase include the cleaving of a complex of chromosomal cohesion proteins 
referred to as the cohesion complex that holds sister chromatids together in the cell. See, 
p. 1, lines 23-25. Cleavage of the cohesion complex separates the sister chromatids from 
each other so that they can be pulled towards the opposite poles of the dividing cells by the 
spindle apparatus. See, p. 1, line 25 to p. 2, lines 1-3. Furthermore, separase has 
autocatalytic activity. See, p. 5, lines 15-17. 

The claims are not directed to any separase or fragments thereof. The claims are 
directed to a screening method using an active separase or fragments thereof. See, p. 5, 
lines 21-28. Hence the separase fragment must have sufficient activity to work in the 
claimed method. 
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The Examiner stated that the specification only provides written description for 

human recombinant separase. To the contrary, the specification discloses yeast separase. 

See, p. 3, lines 1-4. Furthermore, the specification also cites documents that disclose 

separases from sources other than human and yeast. See, p. 3, lines 4-5 and 13-14, and 

references therein. 

Uhlmann et al, Cell 703:375-386, 378, Fig. 4 (October 27, 2000) (Exhibit A), 
discloses the following separases: 

S. cerevisiae Espl (AAB03897); 

S. pombe Cutl (A35694); 

C. elegans AAA83576 and the WormPep-Entry CE22098; 
E. nidulans BimB (P33 144); 

D. melanogaster conceptual translation of AC0 114811; 
H. sapiens BAA1 1482; and 

A. thaliana CAA19812. 

Uhlmann et al. Nature 400:37-42, 42 (July 1, 1999) (Exhibit B), discloses yeast 
separase Espl and cites documents that disclose separases from other species, for example: 
Aspergillus nidulans May, G.S. et al., J. Biol. Chem. 267:15737-15743 (1992); 

S. cerevisiae McGrew et al, Mol Biol Cell 5: 1443-1454 (1992); and 

Fission yeast Uzawa et al, Cell 62:913-925 (1990). 

The specification discloses several fragments of separase, for example: 
recombinant separase fragment lacking the N-terminal, KIAA0165 (see p. 6, 
lines 11-14); 

recombinant N-terminal separase fragment (seep. 6, lines 14-15); 

N-terminal separase fragment, from amino acid (aa) 1 to 1506 (see p. 6, line 9 and 

Fig. 7); 
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N-terminal separase fragment, from aa 1 to 1533 (see p. 6, line 9 and Fig. 7); 

C-terminal separase fragment, p60, from aa 1507 to 2120 (see p. 7, line 18 and Fig. 

7); and 

C-terminal separase fragment, p55, from aa 1536 to 2120 (see p. 7, line 18 and Fig. 

7). 

Further the specification, at p. 7, lines 9-10, cites Waizenegger et al, 
Cell 703:399-410, (October 27, 2000) (Exhibit C), which discloses several separase 
fragments: 

anaphase-specific cleavage products of separase (see Fig. 3B, p. 403, lines 12-14 of 
Fig. 3 description); 

180 kDa C -terminally truncated form of separase (see p. 405, Fig. 6 (A and B), star 
symbol; p. 405, col. 1, line 1); 

mitosis-specific C-terminal separase cleavage products (see Fig. 6 (A and B), open 
arrowheads); 

C-terminal separase fragment, p60 (see p. 405, col. 2, 1 st line of 2 nd f; p. 405, col. 2, 
last line to p. 406, col. 1, lines 1-4); and 

C-terminal separase fragment, p55 (see p. 405, col. 2, 1 st line of 2 nd % p. 405, col. 2, 
last line to p. 406, col. 1, lines 1-4). 

(2) Separase Substrates: 

The Examiner stated that the specification does not provide written description for 
any substrate of any amino acid sequence/structure. Applicants respectfully disagree. 

The claims are not directed to any substrate of any amino acid sequence/structure. 
The claims are directed to a screening method using separase substrates. Hence, the claims 
require a separase substrate that will work in screening compounds. 
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Further, the specification discloses several separase substrates and their derivatives: 

SVEQGR; 

DREIMR; 

SFEILR; 

EWELLR; 

Bio-SVEQGR-amk; 

Bio-SVEQGR-amk; 

Bio-DREIMR-amk; and 

DREIMR-amk. 

See, p. 5, lines 19, 22 and 26; p. 12, lines 27-28 and p. 17-18. 

Further, the specification cites documents that disclose other separase substrates, e.g., 
an 18 amino acid peptide MDDREIMREGSAFEDDDM, which contains the separase 
cleavage site, or a mutation or a fragment thereof. See, p. 5, line 11; WO 00/48627, p. 20, 
lines 28-31 (August 24, 2000) (Exhibit D). 

Furthermore, a consensus sequence, SxExGRR that represents the site for the 
proteolytic cleavage of Sccl by separase, and several potential sites that can be cleaved by 
separase were known: 

SLEVGRR; 

SVEQGRR; 

SVERGRK; 

SHEYGRK; 

SIEAGR; 

SIEVGR; and 

EVEVGR. 

See, Uhlmann et al, Nature 400:21-42, 41, Fig. 7 (July 1, 1999) (Exhibit B). 
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In addition, Parisi et al, Mol Cell Biol 79:3515-3528, 3523, Fig. 5 (May 1999) 

(Exhibit E), discloses separase substrates from the following sources: 

S. cerevisiae; 

S.pombe; 

C. elegans; 

human; and 

mouse. 

Applicants respectfully submit that given the teaching in the captioned application 
one of ordinary skill in the art could have obtained separases and separase fragments from 
several sources other than human recombinant separase, and synthesized other separase 
substrates useful in the claimed screening method. 

In view of the above, it is respectfully requested that the rejections under 
35 U.S.C. § 1 12, first paragraph, be withdrawn. 

Rejections Under 35 U.S.C. § 112, Second Paragraph 

Claims 1-6 were rejected under 35 U.S.C. § 112, second paragraph allegedly for 
being indefinite. 

The Examiner stated that the phrase "modulating sister chromatid separation 11 renders 
claim 1 (and claims 2-6 depending therefrom) "vague and indefinite because the meaning of 
the phrase is not known or recited." 

Solely to expedite prosecution, claim 1 has been amended to recite "inhibits" and 
"inhibiting." 

It is respectfully requested that the rejections under 35 U.S.C. § 1 12, second 
paragraph, be withdrawn. 
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Conclusion 

All of the stated grounds of objection and rejection have been properly traversed, 
accommodated, or rendered moot. Applicants therefore respectfully request that the 
Examiner reconsider all presently outstanding objections and rejections and that they be 
withdrawn. Applicants believe that a full and complete reply has been made to the 
outstanding Office Action and, as such, the present application is in condition for allowance. 
If the Examiner believes, for any reason, that personal communication will expedite 
prosecution of this application, the Examiner is invited to telephone the undersigned at the 
number provided. 
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Prompt and favorable consideration of this Amendment and Reply is respectfully 
requested. 

Respectfully submitted, 

Sterne, Kessler, Goldstein & Fox p.l.l.c. 




Judith U. Kim 
Attorney for Applicants 
Registration No. 40,679 

Date: April 19, 2004 

1 100 New York Avenue, N.W. 
Washington, D.C 20005-3934 
(202) 371-2600 
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* Sum mary " - " ' - 

■r 

^In eukaryotic cells, replicated DNA strands remain 
r physically connected until their segregatjqn"to oppo- 
site poles of the cell during anaphase. This "sister 
chromattdjclcihesion"' is essential for the alignment of 
chromosomes pa the mitotic spindle during meta- 
phase. Cohesion depends on the multisubunit cohesin 
complex, which possibly forms the physical bridges 
connecting sisters. Proteolytic cleavage of cohesfn's 
Scc1 subunit at the metaphase to anaphase transition 
is essential for sister chromatid separation and de- 
pends on a conserved protein called separin. We show 
here that separin is a cysteine protease related^tb " 
caspases that alone can cleave Scci in vitro. Cleavage 
of Scc1 in metaphase arrested cells is sufficient to 
trigger the separation of sister chromatids and their 
segregation to opposite cell poles. 

Introduction 

Accurate chromosome segregation is crucial for the pro- 
liferation of somatic cells and for the production of hap- 
loid gametes during meiotic division^: Misjake^^uring^ 
the chrompswne segregation process give rise to^cells 
: m\h ioo/m^ or Xto ie^N chromosomes.-This state, 
known as aneuploidy, is associated with most malignant 
tumor cells and is the leading cause of mental retarda- 
tion (Down's syndrome) and spontaneous fetal abortion 
(Griffin, 1996; Lengauer et aL, 1997). 

The segregation of chromosomes to opposite poles 
of the cell requires their prior alignment oh the mitotic 
spindle. During this process, sister chromatids con- 
dense, partially but not completely separate from each 
other, and attach to microtubules that extend to oppo- 
site poles of the cell. This culminates in a state called 
metaphase, during which sister chromatids come under 
tension from spindles attempting to pull them in oppo- 

§Tb whom correspondence should be addressed (e-mafc nasmyth® 
ntlmp.univie.ac.at). 

A Present address: Imperial Gancer Research Fund, 44 Lincoln's Inn 
Fields, London WC2A 3PX, United Kingdom. 



site directions. Soon after all pairs of sister chromatids 
come under tension, chromosomes suddenly split and 
sister chromatids segregate to opposite halves of the 
cell; this period of mitosis is called anaphase (reviewed 
in Nasmyth et aL, 2000). The metaphase to anaphase 
transition is one of the most dramatic and highly regu- 
lated steps in the process by which eukaryotic cells 
disseminate their genomes during cell proliferation. Its 
molecular basis has long remained elusive. 

It has long been recognized that metaphase is a state 
of equilibrium (Mazia, 1 961 ) during which sister chroma- 
tid splitting due to traction exerted by microtubules on 
kinetochores is counteracted by connections that hold 
sisters together. It is also clear that sister separation is 
an autonomous process that frequently still occurs even - 
when poisonsjriestroy the spindle (Mpje-Bajer, 1958). 
These observations have led to the nbHibrt thlrcnromb^ 
some segregation during anaphase might be triggered 
riot by any change in the force exerted by microtubules, 
but rather by the sudden loss of cohesion holding sister 
chromatids together. Evaluation of this hypothesis, how- 
ever, has had to await discovery of the apparatus that 
holds sisters together during metaphase. 

Recent studies have identified a multisubunit com- 
plex, called cohesin, which is essential for holding sister 
chromatids together in organisms as diverse as yeast 
and Xenopus and is a good candidate for the substance 
that forms the bridge between sisters (Guacci et aL, 
1997; Michaelis et aL, 1997; Losada et aL, 1998; Toth 
et aL, 1999). Cohesin functions from S phase until ana- 
phase. It is both necessary for establishing sister chro- 
matid cohesion during DNA replication (Uhlmann and 
Nasmyth, 1998) and for maintaining connections be- 
tween sisters during metaphase (Ciosk et aL, 2000). 

In yeast, cohesin is tightly associated with chromo- 
somes from DNA replication until the metaphase to ana- 
phase transition (Michaelis et aL, 1 997; Toth et aL, 1 999), 
whereupon proteolytic cleavage of its Scci subunit 
causes cohesin to dissociate from chromosomes (Uhl- 
mann et aL, 1999). Scc1 cleavage occurs within two 
= -related sequence motifs. Mutation of both sequences 
abolishes cleavage and blocks^theiseparatioh of sister^:- 
chromatids. These results demonstrate that ^cl cfeav-^ 
age is essential for sister chromatid separation, they 
also raise me possibility that Scc1 cleavage might be 
the long sought after anaphase trigger. 

Scci 's cleavage and dissociation from chromosomes 
depends both in vitro and in vivo on a protein called 
Esp1 (Uhlmann et aL, 1$99). Because of their key role 
in separating sister chromatids, Esp1 and its homologs 
in other organisms have been called separins (Funabiki 
et aL, 1996a; Ciosk et al.< 1998). For most of the cell 
cycle, separins are bound by inhibitory proteins called 
securins (called Pds1 in budding yeast) (Yanagida, 
2000). Shortly before the metaphase to anaphase transi- 
tion, ubiqurunation of securin by the anaphase-promot- 
Ing complex (APC) in conjunction with the Cdc20 protein 
causes securin t be degraded by the 26S proteosome 
(Imiger et aL, 1995; Cohen-Fix t aL, 1996; Funabiki et 
aL, 1996b; YamamotoetaL, 1996). This activates separin 
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and enables it to promote Scc1 cleavage and sister 
separation (Ciosk et al., 1998; Uhlmann et at., 1999). 

Previous studies have left unanswered whether sep- 
arin is itself the protease that cleaves Scci, whether 
Scci cleavage during metaphase is sufficient to trigger 
chromosome segregation, and whether separin has 
functions besides See! cleavage that help orchestrate 
chromosome movement during anaphase. We show 
here that separin purified from yeast can cleave pure 
Scci protein prepared from insect cells. We also demon- 
strate that separin's active site resembles that of the 
CD clan of cysteine proteases, a group of related prote- 
ases that includes caspases. To address whether cleav- 
age of Scci is separin's main if not sole function, we 
replaced one of Scci *s cleavage sites by that of a foreign 
protease and showed that cleavage by this protease is 
sufficient to trigger chromosome segregation in meta- 
phase arrested cells. 

Results > _ ./ • -r-^^a.C 

Mitosis-Specific Phosphorylation of Scci 
Correlates with Efficient Cleavage X*\ 
In our previous study, Scd was presented tcTcrude 
extracts containing separin in the form of a crude chro- 
matin preparation.' To address whether separin is the 
protease responsible for cleaving Scci, we needed to 
prepare a better defined substrate. To do this, we first 
characterized the state of Scd protein at the time of 
its cleavage. We used a yeast strain whose sole source 
of the APC activator protein Cdc20 was under control 
of the galactose inducible GAL1 promoter. Cells were 
arrested in metaphase by incubation in medium lacking 
galactose and subsequently induced to undergo ana- 
phase by readdition of galactose (Uhlmann et al., 1 999) 
(Figure 1A). 

Using Western blotting after SDS-PAGE, we noticed 
that a large fraction of Sect prepared from metaphase 
arrested cells migrated more slowly during electropho- 
resis than Scci from asynchronous cells (Figure 1B). 
The slower migrating form of Scd disappeared as Scci 
cleavage products appeared, whereas the amount of 
the faster migrating form remained unchanged (Figure 
1 B, 10 min). This suggests that modification pt afraction r 
ofSccI during me^hase.^iBasW'ite electropholeticn:. 
"mobility and that modified but not unmodified Sect , 
might be destined for cleavage during anaphase. Phos- 
phatase treatment of Scci from chromatin showed that 
its decreased mobility when isolated frorh metaphase 
cells was due to phosphorylation (Figure 1C) 

To address whether Sce1 ? s phosphorylation affects 
its cleavabflity in vitro, chromatin from metaphase ar- 
rested pells was treated either with phosphatase or with 
a control buffer. The chromatin was subsequently 
washed to remove the phosphatase arid used as sub- 
strate in an Scci cleavage reaction. While hyperphos- 
phorylated Sect from the control chromatin was effi- 
ciently cleaved, Scci from the phosphatase treated 
chromatin was almost completely resistant to cleavage 
(Figure 1C). This suggests that mitosis-specific phos- 
phorylation might make Scci a better substrate for 
cleavage. However, phosphatase treatm rit of th chro- 
matin might have reduced the phosphorylation of other 
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Figure 1. Mitotic Phosphorylation Makes Scci a Substrate for 
Esp1 -Dependent Cleavage 

(A) Metaphase arrest and release of strain K7677 (MAT a cdc20& 
GAL-CDC20 SCC1-HA3 TetR-GFP TetOs) was performed as in (Uhl- 
mann et al. t 1999). The percentage of cells with Scci bound to 
chromosomes was determined on chromosome spreads (open cir- 
cles), cells with separated sister chromatids were identified by the 
appearance of two separated CenV-GFP signals (filled triangles). - 
(Bj SOS-PAGE analysis and Western blot of whole cell extracts 
prepared from ceils at the indicated time points. Scd -H A3 was 
detected with monoclonal antibody 16B1 2 (Babco). 
(C) Chromatin was prepared from cells of strain K7677 arrested in 
metaphase, Chromatin was treated with lambda phosphatase, or 
mock treated, and used as substrate in an Scd cleavage assay as 
described (Uhlmann et al., 1 999). Aliquots of the chromatin prepara- 
tions (CP), as well as aliquots of the supernatant fractions (SU) and 
remaining chromatin (CP) after incubation in the cleavage assay 
~*were analyse<fby SDS-PAGE and Western blotting as In (B). 

. . t ■ . -v 

cohesin subunlts and/or other chromosomal proteins, 
which may also have contributed to the reduced Scci 



Phosphorylated Recombinant Scd 
Is a Cleavage Substrate 

To establish whether Scci can serve as a cleavage sub- 
strate when separated from chromatin and other co- 
hesin subunits, we purified Sect from insect cells ex- 
pressing a FJag-eprtope-tagged yeast SCC1 gene from 
a recombinant baculovirus (Figure 2A) We also purified 
yeast Scci from baculovirus infected insect cells after 
they had been treated Okadaic acid This Is a phos- 
phatase Inhibitor that induces a metaphase-tike stat in 
which many mitotic proteins are hyperphosphorylated 
(Kramer et al., 2000). Okadaic add treafinent caused 
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uninduced cells (control) in the indicated 
blotting against the Flag epitope at the 
bands present in the yeast cell extracts. 



Figure 2. Purified Recombinant Scc1 in a Mi- 
totically Phosphorytated Form Is a Cleavage 
Substrate 

(A) Purification of Scc1 after expression from 
a recombinant baculovirus in insect cells. 
Whole cell extracts from uninfected and in- 
fected (WE) insect cells were analyzed by 
SDS-PAGE and staining of the gel with Coo- 
massie brilliant blue. Fractions after chitin af- 
finity chromatography (Chitin) and after two 
chromatographic steps on a MonoQ column 
(2 x Q) are shown. The final fraction after 
purifiction of Scc1 from insect cells treated 
with Okadaic acid (Scc1-P) is also shown. 

(B) Purified Scc1 and Scc1 -P were incubated 
in cell extracts from yeast strain K7287 
(MA 7a, esp1-1. GAL-ESP1 x 3, TetR-GFP 
TetOs). Extract from a culture that had been 
induced to express Esp1 for 4 hr before har- 
vesting (Esp1) was mixed with extract from 

ratios. After incubation, aliquots of each reaction were analyzed by SDS-PAGE followed by Western 
C terminus of Scc1 using monoclonal antibody M2 (Sigma). Asterisks indicate Flag crossreacting 
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yeast Sect to migrate^moro slowly during SDS-PAGE 
(Figure 2A) and this was reversed by phosphatase treat- 
ment (data not shown). We called this hyperphosphory- 
lated form Scc1-P. Scc1 and Scc1-P were incubated 
in yeast -extracts, containing varying amounts of sepa- 
rin (Figure 2B). Some underphosphoryiated Scc1 was 
cleaved by extracts with the highest Esp1 concentration, 
but most remained uncleaved (Figure 2B, left half). In 
contrast, all Scc1 -P was cleaved by extracts containing 
intermediate levels of Esp1 separin (Figure 2B, right 
half). We conclude that soluble recombinant Scc1 can 
be cleaved in an Esp1 -dependent reaction and that mi- 
tosis-specific phosphorylation of Scd increases its sus- 
ceptibility to cleavage. 



cubated with chitin beads loaded with Esp1 separin 
but not with beads prepared from uninduced extracts 
(Figure 3B). Thus, Espl separin might indeed be the 
protease that cleaves Scc1 . However, we cannot elimi- 
nate at this stage the possibility that the Scc1 cleavage 
activity is due to a substoichiometric protease that co- 
purifies with separin. 

The Conserved Separin Domain Contains a Region 
that Resembles the Catalytic Site of CD Clan 
Cysteine Proteases 

All known Esp1 separin homologs possess a conserved 
C-terminal "separin" domain. The recent arrival in ge- 



Affinity-Purified Esp1 Separin Cleaves Scc1-P 
Scd proteolytic activity has thus far only been detected 
in crude extracts prepared from yeast cells overexpress- 
ing Esp1 separin. The protease activity might be due 
entirely to separin or due to a protease that |s merely 
activated by separin. To distinguish between these two 
alternatives, we expressed -from the. GAL prompterja 
version of Esp1 separin containing a chrti^n bincling do? 
mairv fused to its C terminus and used chitin beads to 
affinity purify the Esp1 fusion protein from yeast extracts 
{Figure 3A). This protein was also tagged at rtslf termi- 
nus with a Flag epitope. 

Ponceau S staining detected only two abundant poly- 
peptides in the affinity purified material. Western blotting 
against the Flag epitope showed thatuSei^ 
corresponded to the Espl fusion protein (Figure 3A, 
right panel), whereas mass spectrometry showed that 
a 70 kDa band was a mixture of 4 members of the 
Hsp70 family of chaperone proteins (data not shown). 
Copurification of heat shock proteins indicates that a 
sizable fraction of the overproduced Espl separin might 
be in a normative conformation. It is likely that silver 
staining Would have detected several other proteins in 
this preparation, albeit at low abundance compared to 
the Espl fusion protein. 

Remarkably, Sect -P was efficiently cleaved when in- 
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Figure 3. Affinity Purified Espl Cleaves Scc1 rP 
(A) Cell extracts from strain K8965 (MATa, espt-f, GAL-Hag-ESPI- 
CBD x 6, TotR-GFP TetOs) were prepared without or with induction 
of Espl from the galactose inducible GAL promoter: Espl was affin- 
ity purified oh a chitin resin as described In Experimental Proce- 
dures. Aliquots of the ceil extracts arid the chftiri beads were ana- 
lysed by SDS-PAGE followed by transferor the gel to ^nitiroceflulose 
membrane and Ponceau S staining (left panel), r^spi was identified 
by probing the membrane with antibodies against the Rag epitope 
at the N terminus of Espl (right panel). 

(Bj Scct-P was added to the chiton beads after the purification 
procedure and incubated After incubation, the supernatant above 
the chitin beads was recovered and analyzed by SDS-PAGE and 
Western blotting against the Flag epitope on Sect. 
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Figure 4. Esp1 and the CD Clan of Cysteine Proteases 

(A) Sequence conservation between separins in the region of the proposed proteolytic catalytic site. Sequence alignment in the region of the 
strictly conserved His and Cys residues is shown together with the sequences of human caspase 1, the transamidase Gpi8 and gingipain. 
Key to sequences: separins from S. cerevisae Esp1 (AAB03897), S. pombe Cut1 (A35694), two proteins from C. elegans (AAA83576 and the 
WormPep-Entry CE22098), £ nidulans BimB (P33144), D. meJanogaster (conceptual translation of AC0114811), H. sapiens (BAA11482) A 
toa/iaoa (CAA19812), human caspase 1 (P29466), human Gpi8 (CAA68871), and P. gingivals gmgipain (P95493). 

(B) The catalytic site of gingipain (Eichinger et al., 1 999) is shown as a model for that of separin. The histidine and cysteine catalytic residues 
are colored yellow and red respectively, whereas hydrophobic parallel p strands on the N-termina! side of these catalytic residues are shown 
in blue. The polypeptide chain between the two strands is in green. Residues within separins that are proposed to correspond to these 
structural motifs are marked with the same color scheme in the alignment in A. The figure was drawn with MOLSCRIPT (Kraulis 1991) 

(C) Structure of the chloromethyl ketone (cmk) and acyloxymethyl ketone (amk) derivatives of the Scd cleavage site peptide, synthesized as 



nome databases of several new members of this family 
have highlighted the most conserved amino acid resi- 
dues within the separin domain. They include a con- 
served histidine and cysteine residue, which are hall- 
marks of cysteine proteases (Figure 4A)(Barrett et al., 

1 998) . these two residues are invariably surroundeoVby 
small residues (glycine or serine); and each is.preceded 
by amino acid sequences that are predicted to form 
hydrophobic R sheets. This pattern is characteristic of 
c^etne^ 

caspases, legurriains, gingipains/clo^'pains, and GPi- 
anchor amidases (Chen et al,, 1998; Eichinger et al., 

1 999) . In the case of caspase and gingipain, who^e crys- 
tal structures are known, the two hydrophobic 0 sheets 
associate with each other in parallel, bringing the histi- 
dine and cysteine residues into juxtaposition to form 
the catalytk; d^d (figure 3B)(Bchinger et at , 1 999). This 
predicts that the conserved histidine in Esp1 at amino 
acid position 1505 and the cysteine at position 1531 
.should be essential for its proteolytic activity (see 
below). 

An Esp1 Inhibitor 

If separins are proteases whose mechanism resembles 
that of caspases, then it should be possible to create 



peptide based inhibitors (Nicholson et al., 1995; Faleiro 
et al., 1997) that form a covalent bond with their active 
site cysteine. Our yeast separin inhibitors were based on 
the hexapeptide sequence "SVEQGFT, which precedes 
the (mbre.efficien% Scci at amino 

acid position 268 (Uhlmann et al., 1999); The C terminus 
corresponding to the P1 position of the Sect cleavage 
site was modified to a chloromethyl ketone (cmk) or an 
acyloxymethyl ketone, (amk) (Aplin et al., 1983; Krantz, 
1994). Meanwhile, a biotin moiety was linked to the N 
terminus of the peptide to allow Identification of proteins 
to which the inhibitor might bind (Figure 4G). 

Both inhibitors were effective at inhibiting cleavage of 
Sect (presented on yeast .chromatin) by crude extracts 
containing separin (Figure 5). Preincubation with 10 |iM 
Bio-SVEQGR-amk or 1 00 jxM Bio-SVEQGR-emk inhib- 
ited most cleavage activity. We could not detect labeling 
of any specific protein In the extracts treated with 10 
\M Bio-SVEQGR-amk, presumably due to a high back- 
ground level of naturally biotinylated proteins (data not 
shown). The same was true for the cmk derivative, 
whose less specific reactivity might have been responsi- 
ble for its low r efficiency as a separin inhibitor in crude 
extracts. Crucially, Bio-SVEQGR-amk failed to inhibit, 
even at 1 mM, the ability f the TEV protease (Parks et 
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Figure 5. Inhibition of* Sec 1 Cleavage by the Covaient Inhibitors 
Ah Scc1 cleavage assay was performed as described (Uhimanri et 
al., 1999), using chromatin prepared from strain K7563 (MATa, 
SCC1-HA6), arrested in metaphase by treatment with nocodazole, 
•as the substrate. Cell extract used for the reaction from strain K7287 
(MATa, esp1-1, GAL-ESP.hx 3, TetR-GFP refOs| was preincubated 
with the indicated concentrations of either inhibitor. After the reac- 
tion, chromatin and supernatant were not separated again, but an 
aliquot of the reaction mix was analyzed by SDS-PAGE and Western 
blotting against trie HA epitope on Scd, 



al., 1 995), which is also a cysteine protease, to cleave 
a version of Scc1 engineered to contain a TEV protease 
recognition site (see below and data not shown). We 
conclude that Bio-SVEQGR-amk selectively inhibits the 
Scc1 cleaving protease in crude extracts containing 
Esp1 separin. 

The Effect of Catalytic Dyad Mutations on Protease 
Activity and Inhibitor Binding 

We next mutated the histidine 1505 and cysteine 1531 
residues that are predicted to form separin 's catalytic 
dyad (Figure 4A). Both witd-type and the two mutant 
forms of Esp1 separin were purified after overexpression 
in yeast SDS-PAGE analysis followed by Coomassie 
blue staining (Figure 6A)cand Western; blotting (Figure^ 
-6B)_pf the material bound to chitin beads showed that * 
they contained similar? amounts of wild-type or mutant 
separin protein. {Beads containing wild-type protein but 
not those containing the mutant proteins fully cleaved 
Scci -P (Figure 6C). Underphosphorylated Scci isolated 
from insect cells that had not been treated with Okadaic 
acid was a poorer substrate (last two lanes in Figure 
6C). These results imply that histidine 1505 and cysteine 
1 531 are crucial for the protease activity associated 
with Esp1 separin and that phosphorylation of Sect 
facilitates its recognition and/or cleavage. It seems un- 
likely that two independent single amino acid changes 
in Espl would abolish the ^purification of a contaminat- 
ing protease. Both point mutations also abolished 
Espl |s ^ Sbiiity, when expressed from the GA^ 
to rescue the temperature sensitive lethality of a strain 
carrying the esp f - 1 mutation (data not shown). This indi- 
cates that both histidine 1505 and cysteine 1531 are 
essential for Espl function in vivo. 
The Sccl-P cleavage activity associated with wild- 



type protein was abolished by preincubation of the 
beads in 1 0 jjlM Bio-SVEQGR-amk (Figure 6C). To detect 
the proteins to which the inhibitor had bound, beads 
containing either wild-type, H1505A, or C1531A Espl 
were incubated in the presence or absence of 10 m,M 
Bio-SVEQGR-amk. Proteins from the beads were then 
separated by SDS-PAGE and analyzed by anti-biotin 
affinity blotting. Trace amounts of a highly abundant 
biotinylated cellular protein (asterisk in Figure 6D) were 
detected by this method on untreated beads containing 
either wild-type or mutant proteins. In the case of wild- 
type Espl and H1 505A mutant Espl , two other proteins 
with apparent molecular weights of around 180 kDa and 
80 kDa were labeled with biotin only upon incubation 
with Bio-SVEQGR-amk (Figure 6D). Western blotting 
showed that the 180 kDa protein comigrated with the 
Flag-tagged Espl fusion protein. Neither the 180 kDa 
protein nor the 80 kDa protein was labeled by the inhibi- 
tor when the beads contained C1531A mutant protein. 
These results suggest that the 180 kDa protein is full- 
length Espl separin, whereas the 80 kDa protein is a 
cleavage product of Espl that lacks its N-terminal Flag 
epitope tag but contains its C-terminal catalytic cys- 
teine. 

The Bio-SVEQGR-amk inhibitor was designed to co- 
valently modify the cysteine within separin's potential 
active site. The dependence of Espl labeling with Bio- 
SVEQGR-amk on cysteine 1531 is therefore consistent 
with the assignment of this residue to separin's active 
site. The histidine residues within the catalytic dyads 
of cysteine proteases are essential for their action on 
natural polypeptide substrates but they are dispensable 
for the binding of these covaient inhibitors. Thus, both 
the labeling of Espl by Bio-SVEQGR-amk and the de- 
pendence of this labeling on cysteine 1 531 confirm that 
Espl separin is indeed the target of this inhibitor. Espl 
separin must therefore be the protease responsible for 
Scd cleavage. 

Scd Cleavage Triggers Anaphase 
Our finding that Espl separin is the Scd protease raises 
the possibility that cleavage of Scd might be Espl's 
sole function and that this event alone triggers chromo- 
some movement during anaphase. It is also possible 
that the Espl protease hasjsevejral other important sub- 
strates whose cleavage is necessary for chromosome ~ 
movement. Espl might even have activities unrelated 
to proteolysis, given that its protease domain is situated 
at the C terminus of a rather large protein. 

If cleavage of Scci by Espl separin were sufficient 
to trigger anaphase, then cleavage of Sect by a protease 
other than Espl should be sufficient to trigger sister 
chromatid segregation in cells that have been arrested 
in metaphase. To test this, we took advantage of the 
fact that Sect has two separate cleavage sites, either of 
which can be mutated withouiblockin^ 
separation as long as the bther : %ite remains unchanged 
(Uhlmann et al , 1999). This enabled Us to exchange 
the cleavage site at position 268 with the recognition 
sequence for the tobacco etch virus (TEV) protease 
(Dougherty et al., 1989) (Figure 7A). This Scci variant, 
called Scci -TEV268, was capable of supporting th pro- 
liferation of cells lacking any other form of Sect. Western 
blot analysis confirmed that the remaining separin rec- 
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Figure 6. Mutants in the Predicted Esp1 Catalytic Active Site and Affinity Labeling of the Protease. 

(A) Cell extracts were prepared from strains K8965 (MA To, espT-f, GAL-Flaa-ESP 1 -CBD x 6 TetR GFP Twnd m * - 

and from strains K8966 (MATol eso1-1 GAL-Ftaa P«?py J-nn/w, <™aTSc J f„ ~™ ^ * ' TetR ' GFP Tet °s) before and after induction, 

S^^! t rJ^ adS ' Wi !?" typ6 and - mutant ^•"Hl to chltioteads.wcre Incubated without or with addition of 10 uM Bio-SVEOGR 



ognition she at position 1 80 was cleaved in cycling cells 
(Figure 7B, cycl). 

We next introduced TEV protease (Parks et al. f 1995) 
under control of the inducible GAL promoter. Nuclear 
localization signals were attached to the protease to 
prevent its accumulation solely in the cytoplasm and 
rrryc epitopes were added to detect its expression in 
yeast The myc-tagged TEV protease was induced in 
nocbtteple arrested cells containing Sect -TEV268. The 
protease accumulated within the nuclei of most cells 
after two hours and caused cleavage of Scc1-TEV268 
at the expected position (Figure 7B). Analysis of chromo- 
some spreads showed mat Scc1 -TEV268 cleavage was 
accompanied by its dissociation from chromosomes 
(Figure 7C). This demonstrates that cleavage of Scc1 is 
sufficient to induce its dissociation from chromosomes. 



Induction of the TEV protease in nocodazoie arrested 
cells expressing only wild-type Sect caused neither 
cleavage nor dissociation from chromosomes (Figure 
7C and data not shown). 

To address whether cleavage of Sect induced by the 
TEV protease is sufficient to Wgger anaphase, we used 
cells whose sole QDC20 gene was under control of the 
MET3 prompter (Yeprig et ah, 2000). We arrested these 
cells in metaphase by trajisfemrtg meiri fr^bm minimal 
medium lacking methionine to complete medium con- 
taining methionine. Cells accumulated with large buds, 
replicated chromosomes, and a short bipolar mitotic 
spindle spanning a single DNA mass at the bud neck. 
TEV protease synthesis was then induced by the addi- 
tion of galactose. Induction was I ss efficient than in 
nocodazoie arrested cells but TEV protease neverthe- 
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Figure 7. Scc1 Cleavage by TEV Protease Triggers Anaphase 

(A) Schematic of the two cleavage sites in Scd. The wild-type cleavage site at amino acid postion 180, and the TEV protease consensus 
recognition site that replaces the cleavage site at position 268. 

(B) Strain K8758 (MATa, sect A, SCC1-TEV268-HA3. GAL -NLS-myc9-TEV-NLS2 x 10) was grown in YEP medium with raffinose and arrested 
with nocodazole for 2.5 hr. Then, 2% galactose was added to induce TEV protease expression. Aliquots of the culture were harvested at the 
indicated tones and whole cell extract was prepared and analyzed by SDS-PAGE followed by Western blotting against the HA epitope on 

(C) As (B), but also strain K9127 (MATa, SCC1-HA3, GAL-NLS~myc9-TEV-NLS2 x 10) was used in a parallel experiment TEV protease 
expression was scored by in situ immunostaining against the myc epitope using monoclonal antibody 9E1 0. Scc1 association with chromosomes 
was seen on chromosome spreads stained for the HA epitope on Scc1 using monoclonal antibody 16B12 (Babco) 

(D) Cells of strains K9027 (MATa, MET3-CDC20, sccIA, SCC 1 -TEV268-HA3, GAL-NLS-myc9-TEV-NLS2 X 10, tetOs, tetR) and K9128 (MATa, 
MET3-CDC20, SCC1-HA3, GAL-NLS-myc9-TEV-NLS2 x 10, tetOs, tetR) were arrested in metaphase as described in Experimental Procedures 
At 30 nun intervals, samples were retrieved from the culture and processed for immunostaining against tubulin using monoclonal antibody 
YOL1/34 (Serotec) and against the myc epitope on TEV protease using monoclonal antibody 9E10. DNA was stained with DAPI. The pictures 
shown are from cells at 3 hr after induction of TEV protease by galactose addition. 

(E) As (D), but strain K9129 (MATa, es P 1-1,MET3-CDC20, SCC1-HA3, GAL-Flag-ESPI-CBD x 6, tetOs, tetR) was used for the experiment. 



less accumulated in 40% of the cells within two hours 
of galactose addition. Remarkably, most cells that had 
accumulated TEV protease aflertwo'hours possessed 5- 
an elongated anaphase spindle and 'two equal DNA 
masses at opposite poles of the cell (Figure 7D, Sect- 
TEV). In contrast, cells that had riot accumulated TEV 
protease still possessed short metaphase spindles and 
a single DNA mass close to the bud heck. In cells with 
separated DNA masses, sister DNA sequences at the 
URA3 locus, which were marked by GFP (Michaelis et 
a!., 1997), were found in opposite halves of the cell (date 
not shown), indicating that sister chromatids had been 
property segregated. We repeated this experiment with 
cells that expressed wild-type Scc1 arid found that cells 
which had accumulated TEV protease still possessed 
short spindles and unseparated DNA masses at the bud 
neck (Figure 7D, Scc1 wt). This shows that cleavage of 
Scc1 in metaphase arrested cells is sufficient to trigger 
the movement of sister chromatids to opposite poles, 
they are presumably pulled there by the mitotic spindle, 
whose longation is also triggered by Scci cleavage 
(Figure 7D). 



At later time points after TEV protease induction, we 
observed an increasing number of cells whose elon- 
gated mitotic spindles had become weaker or had even 
disappeared. Such celil^had accumulated high levels 
of TEV protease and had therefore expressed the prote- 
ase for longer than other ceils (Figure 7D). these cells 
invariably contained two spindle poles at opposite ends 
of the cell. Figure 7D shows that cells with fully sepa- 
rated DNA masses (with or without anaphase spindles) 
started to accumulate 60 min after galactose addition, 
whereas cells with fully separated DNA masses and faint 
or disassembled anaphase spindles did so 30 min later. 
These results suggest that TEV protease triggers both 
chromatid segregation and expansion of pole to pole 
microtubules but that the highly elongated spindles pro- 
duced under these circumstances are unstable and 
break down approximately 30 min after their formation. 

Disassembly of the mitotic spindle is not observed 
in Cdc20 deprived cells which have been permitted to 
undergo anaphase by deletion of the PDS1 gen (Shiray- 
ama et al. f 1 999). This suggests that the spindle instabil- 
ity of Cdc20 deprived cells induced to underg ana- 
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phase by the TEV protease cannot be due to the lack' 
of Cdc20 function per se and suggests that it might 
be due to the lack of separin activity. To test whether 
spindles would be more stable in the presence of Esp1 
separin, we analyzed spindle stability in Cdc20 depleted 
cells induced to undergo anaphase by expressing high 
levels of Esp1 from the GAL promoter. Induction of Esp1 
triggered anaphase in a large fraction of cells and did so 
somewhat more rapidly than the TEV protease. Crucially, 
the extended anaphase spindles produced by Esp1 per- 
sisted even after long periods in all cells that had fully 
segregated their chromosomes (Figure 7E). We con- 
clude that while cleavage of Scc1 in metaphase triggers 
chromatid segregation, it might not be sufficient to bring 
about a stabilization of the mitotic spindle that is neces- 
sitated by the movement of spindle poles to opposite 
ends of the cell. We cannot at this stage completely 
exclude the possibility that destabilization of anaphase 
spindles is an artifact of TEV protease expression. How- 
ever, this seems unlikely because cells containing wild- 
type Scci proliferate normally" even when high levels 
of TEV protease are continuously expressed (data not 
shown). - ~ tr _- t 

Discussion 

Our previous experiments demonstrated that Scc1 
cleavage is crucial for sister chromatid separation at the 
onset of anaphase. We also described a crude cell- 
free system that recapitulated cleavage of Scc1 and its 
dissociation from chromosomes (Uhlmann et al., 1999) 
and showed that both events were dependent on Esp1 
separin. However, these experiments neither identified 
the protease responsible for Scci cleavage nor " ad- 
dressed whether cleavage actually triggers anaphase. 
The experiments described here show that Esp1 separin 
is the Scci protease and that Scc1 cleavage is the event 
that triggers the segregation of sister chromatids to op- 
posite poles of the cell at the metaphase to anaphase 
transition. 

Reconstitution of Scci Cleavage 
with Purified Components 

Identification of the Scci protease required two sepa- - 
rate tasks: first to prepare a fully defined substrate arid ~ 
second to purify the protease. We found that pure yeast 
Scci is a substrate for Esp1 -dependent cleavage as 
long as it is hyperphosphorylated either during mitotic 
arrest in yeast cells or by the treatment of insect cells 
with Okadaic acid. Though our experiments do not di- 
rectly address the physiological significance of Scd 
phosphorylation, they nevertheless raise the possibility 
that Scci cleavage is controlled by its cell-cycle-regu- 
lated phosphorylation as well as by cell cycle dependent 
destruction of the Esp1 inhibitor Pdsl securin 

Our identrficatipn of the Scci protease started from 
the premise that Scci cleavage is an Espi -dependent 
reaction. We therefore set out to purify Esp1 and to 
characterize its activity. Our first attempts yielded virtu- 
ally homogeneous Esp1 preparations which lacked any 
proteolytic activity on their wn and also failed to stimu- 
late Scci cleavage when added back to yeast celt ex- 
tracts (data not shown). We found that the Scci cleaving 



activity from yeast cell extracts overexpressing Esp1 
was unstable, with a half-life of a few hours. We therefore 
used a rapid single step purification scheme in which 
Esp1 fused to a chitin binding domain was bound to a 
chitin resin. Remarkably, such beads efficiently cleaved 
pure phosphorylated Scd. This result suggested that 
Esp1 separin might alone be capable of cleaving Scd 
but it did not exclude the possibility that a substoichio- 
metric protease bound to Esp1 was responsible for the 
proteolytic activity. The final line of argument that Esp1 
is indeed the Scd protease was inspired by the discov- 
ery that separins contain a highly conserved domain at 
their C terminus that resembles the catalytic dyad of an 
established class of cysteine proteases. 

Separins and the CD Clan of Cysteine Proteases 
Sequence similarity between separins from different or- 
ganisms is largely confined to a C-terminal region span- 
ning some 400 residues, with the highest conservation 
within theJl.QO C-terminal residues. When the conserved 
amino acid pattern hhhhx[GS]HGx(4)hx(14,32)hhx[GA] 
Cx[GS] (h indicates a hydrophobic residue; x indicates 
any residue; letters in brackets indicate alternative resi- 
dues; numbers in parentheses indicate the number of 
residues in an interval; and numbers separated by a 
comma mean "from-to") was used to search the com- 
plete protein sequence database, 175 sequences were 
retrieved, all of them representing either the separin 
family or the CD clan of cysteine proteases. Some of 
the latter were missed, but no false-positives were de- 
tected. A notable difference between separins and the 
CD clan proteases is the much shorter distance that 
separates the catalytic histidine and cysteine in the for- 
mer. However, because the length, sequence, and ar- 
rangement of structural elements within this spacer are 
variable within the CD clan itself, this difference is not 
incompatible with the hypothesis that separins contain 
a cysteine protease domain that is structurally similar 
and evolutionarily related to CD clan proteases. It is 
remarkable that sequence-specific proteases of the 
same fold and likely common origin are involved in a 
crucial aspect of chromosome mechanics and in the 
control of programmed cell death. 

As demanded by this model, the cysteine and histidine 
residues predicted to be partoj, separin's active site, 
were found to be essential for Espi ; s proteolytic activity" 
There is one other cysteine residue that is conserved in 
the separin domains of most species (cysteine 1 566 in 
£sp1), ^xcept for Arabidopsis and Aspergillus, where it 
is replaced by a serine. This residue might also qualify 
as a putative catalytic amino acid. However, mutation 
Of cysteine 1556 to alanine had no effect on Espl's 
protease activity (data not shown). We therefore con- 
clude that histidine 1505 and cysteine 1531 likely form 
Espi f s catalytic dyad. 

Inspired by separin's similarity to caspases, we de- 
vised peptide based inhibitors that were designed to 
bind coyaiently to the active site cysteine of the Sect 
protease. Modification of the C-terminal arglnine in the 
hexapeptide SVEQGR, which precedes the second Scd 
cleavage site; to an acylbxymethyl ketone created a 
potent and specific inhibitor of the Scci cleavage activ- 
ity associated with purified Espi. The inhibitor bound 
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covalently to full length Espl and to a minor Esp1 cleav- 
age product but to no other protein in our purified Esp1 
preparations. Furthermore, this binding was dependent 
on the proposed active site cysteine 1 531 . These results 
imply that Esp1 is the sole target of our inhibitor and 
that Esp1 must therefore be the Scc1 protease. It will 
nevertheless be important to confirm the presence of 
the CD clan like protease domain within separins by 
atomic resolution structural studies of Esp1 and its ho- 
mologs. 

Triggering Chromosome Movement in Anaphase 
It has been a longstanding question what initiates the 
segregation of sister chromatids to opposite poles of 
the cell at the metaphase to anaphase transition. Activa- 
tion of separin through destruction of their inhibitory 
securin chaperone by the APC is clearly a crucial step. 
Our previous finding that Scc1 cleavage is essential for 
sister chromatid separation together with the discovery 
that separin is the protease responsible for Scci cleav- ' ; : 
age suggest that Scc1 cleavage alone could trigger ana- 
phase. To test this, we engineered a yeast strain in which . 
one of SccVs cleavage sites was replaced by that of * " 
the foreign TEV protease. Remarkably, induction of TEV 
protease in cells arrested in metaphase due to Cdc20 
depletion was sufficient to cleave Scc1 , to cause its 
dissociation from chromosomes, and to trigger sister 
chromatid separation and movement to opposite poles 
of the cell. 

The TEV protease experiment also demonstrates that 
the yeast mitotic spindle is prepared to drive spindle 
poles to opposite halves of the cell during metaphase 
but that it is prevented from doing so by cohesin, con- 
necting sister chromatids. To determine more precisely 
whether the kinetics of spindle extension due to a TEV pro- 
tease-induced anaphase are similar to that in wild-type 
cells, it will be necessary to visualize these movements 
in real time. It is, however, unclear whether accumulation 
of TEV protease within nuclei following galactose induc- 
tion is sufficiently instantaneous to make a meaningful 
comparison at the moment. Remarkably, expression of 
the TEV protease in yeast cells was harmless to wild- 
type cells. Thus, the introduction of TEV protease recog- 
nition sites to other proteins could also be usfd to study 1 * 
the consequences of their deliberate cleavage. This 
technique might bej useful also in'other organisms and 
particularly for applications where specific cleavage re- 
actions are involved, e.g., signaling via the notch path- 
way (BlaurrtueUer et aL, 1997). 

We noticed that the mitotic spindles of cells which 
had been induced to undergo anaphase by TEV protease 
were thinner than normal anaphase spindles and fre- 
quently broke after chromosome segregation, this phe- 
notype was not observed when anaphase was triggered 
by inducing high levels of Esp1 in metaphase arrested 
cells: This suggests thai separin might have a second 
function besides cleaving Scc1: to stabilize mitotic spin- 
dles during anaphase. It has previously been suggested 
that separin might have a role in spindle function on 
the basis of its association with mitotic spindles during 
anaphase (Funabjki et ah, 1996a; Ciosk et al., 1998; 
Kumada et ah, 1 998). Whether Espl performs this func- 
tion by cleaving other proteins or by a different mecha- 



nism remains to be investigated. It is even conceivable 
that Sect cleavage products have a role in anaphase 
spindle stabilization and that the products produced by 
TEV protease cleavage are altered in this regard. 

There are good reasons to believe that proteolytic 
cleavage of cohesins by separin might trigger anaphase 
in all eukaryotic organisms. The catalytic site of yeast 
Espl is conserved in all known separins. Furthermore, 
an immunopurified Espl fraction from human cells 
posesses Scc1 cleavage activity and Scc1 is both 
cleaved and disappears from centromeres at the meta- 
phase to anaphase transition in human cells (Waizeneg- 
ger et al., 2000 [this issue of Ce//])..Given their conserva- 
tion and similarity to caspases, we suggest that separins 
might be better known as "chromatid separases" (Oster- 
gren and Anderson, 1973), or simply "separases". 

Experimental Procedures 

i -r 

— De phosphorylation of Scci on -Chromatin 
A crude chromatin fraction containing Scci tagged with HA epitopes 
was obtained as described (Liang and Stillman, 1997). Chromatin 
obtained from 50 |il cell fysate was resuspended in 200 ^1 phospha- 
tase buffer (50 mM Tris/HCI [pH 7.5), 100 mM KC1, 0.1 mM EDTA, 
2 mM MnCI 2 , 5 mM dithiothreitol, 0.01% Brij 35, and 0.1% Triton 
X-100), and 2000 units lambda protein phosphatase (New England 
Biolabs) was added. Incubation was for 12 min at 30°C, then the 
chromatin was recovered by centrifugation and washed once before 
it was used for the Scd cleavage assay as described (Uhlmann et 
al., 1 999). To exclude that the effect observed after phosphatase 
treatment of the chromatin was due to residual amounts of phospha- 
tase carried into the subsequent cleavage reaction, a control reac- 
tion was carried out In which 200 units of lambda phosphatase were 
added to the cell extract This had no effect on the efficiency of 
Scci cleavage in the assay. 

Purification of Scci Expressed in Baculovirus 
Infected Insect Cells 

The Sect coding sequence was cloned into the baculovirus transfer 
vector pFastBad (Gibco Life Technologies). At the C terminus, a 
Flag epitope tag was added followed by a cassette containing the 
yeast VMA inteih and a chrUn binding domain (New England Biolabs). 
Recombinant baculoviruses were obtained, and HiRve insect cells 
(Invitrogen) grown in monolayers to confluency were infected at a 
multiplicity of infection of 2. To obtain metaphase-iike phosphoryla- 
tion, 0.1 |iM Okadaic acid was added 40 hr after infection. Forty 
three hours after Infection, cells were harvested. Cytoplasmic and 
nuclear extracts were obtained as described (Cai et at., 1 996). When 
Sect was purified after treatment of the cells with Okadaic acid, ]5~ 
mM NaF and 5 mM sodium pyrophosphate was added to the extrac- 
tion buffer. Combined cytoplasmic and nuclear extracts from cells 
In 1 0T250 flasks (8 ml, .100 mg protein) were loaded onto 1 ml bead 
volume of chitin beads (New England Biolabs), equilibrated in buffer 
Ha, (50 mM HEPES/KOH (pH 7.5], 200 mM NaCI, 1.5 mM MgCI* 
and 0.01% Nonidet P-40). Loading was for 2 hr by rocking at 4 8 C . 
The chitin resin was then washed in a column with 20 column Vol- 
umes each of buffer H 60 o» H,oooi and (index indicates the concen- 
tration of NaCI). The column was then flushed with 3 column volumes 
of buffer containing 50 mM dithiothreitol and closed for cleavage 
of the intein overnight The eluate containing Sect released from 
the column was directly loaded onto a MonoQ HR 5/5 column (Amer- 
sham Pharmacia), and the column was developed with a. gradient 
from Haa to H tow in 10 ml. Fractions containing Scci were detected 
by SOS-PAGE followed by Coomassie staining and Western blotting 
against the Flag epitope. Pooled fractions were diluted to 200 mM 
NaCI by adding buffer H* and chromatography on the MonoQ col- 
umn was repeated. This step was necessary to remove traces of a 
contaminating protein that copurrfted with Scci and was identified 
as Hsp70 from the insect host celts by mass spectrometry. The 
. final eluate was diaiyzed against buffer H tQ0 and concentrated by 
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ultrafiltration. This protocol yielded 25 ^g of purified Scc1 or purified 
metaphase-like phosphorylated Scci. 

Cleavage of Purified Scc1 In Yeast Extracts 
Scc1 cleavage-competent yeast extracts after overexpression of 
Esp1 and control extracts were obtained as described (Uhlmann et 
al., 1999). Six microliters (20 ng/u.l) purified Scc1 or Sccl-P in H 1W 
was added to 12 jil of control or Espl containing extracts, or to 
mixtures at different rations between these extracts. Incubation was 
for 10 min at 25°C. The reaction was stopped by adding SDS-PAGE 
loading buffer, and aliquots were analyzed by SDS-PAGE and West- 
em blotting against the Rag epitope. 

Overexpression and Purification of Esp1 from Yeast Cells 
The Esp1 coding sequence was cloned under control of the GAL 
promoter into the yeast vector Ylp204 (Gietz and Sugino, 1988). At 4 
the N terminus of the protein, a Rag epitope tag was added; at 
the C terminus a chitin binding domain was added (New England 
Biolabs). Site directed mutagenesis of the residues His1505. 
Cys1531, and Cys1556 to alanine was performed using PCR. The 
linearized vectors were integrated into the yeast genome at the 
TRP1 locus, and transformants were identified by Southern blotting 
that had integrated 6-8 copies of the respective constructs. Twor 
hundred milliliter cultures of these strains were grown in YEP me- 
• dium with 2% raffinose as the carbon source (Rose et al., 1990) at 
, 25°C. At a density of 2.5 x 10* cells/ml, the GAL promoter was 
induced by the addition of 2% galactose for 5 hr before cells were 
harvested. One culture was left uninduced as a control for the purifi- 
cation. Ceils were resuspended in 6 mMOO mM PIPES/KOH (pH 
9.3), 10 mM dithiothreitol, and 0.1% sodium azide, and incubated 
at room temperature for 10 min. Cell were collected again by centrif- 
ugation and resuspended in 4 ml of 50 mM potassium phosphate 
(pH 7.5), 0.6 M sorbitol, 0.5 mM MgCI* and 10 mM dithiothreitol. 
Zymolase T-1 00 (ICN Bipchemicals) was added to a final concentra- 
tion of 40 ttg/ml and spheroplasting was at 37°C for 10 min. Cells 
were collected again, washed in 2 ml of 50 mM HEPES/KOH (pH 7.5), 
1 00 mM KCI, 2.5 mM MgCI* and 0.4 M Sorbitol, and resuspended in 
350 pi buffer FB (50 mM HEPES/KOH (pH 7.5), 250 mM NaCI, 1 mM 
MgCI*, 1 mM CaCI 2 , and 1 mM dithiothreitol, plus protease inhibitors 
as described [Liang and Stillman, 1997]). Cells were lysed by the 
addition of 0.25% Trition X-100 for 3 min on ice, and the lysate was 
cleared by centrifugation. The extracts were loaded onto 50 |il bead 
volume of chitin beads and equilibrated in buffer FBX (FB plus 0.05% 
Triton X-100) for 2 hr on a rotating wheeL Beads were transferred 
into a chromatography column and washed with 5 ml each of FBX, 
FBXtooo, and FBX 100t containing 1 M and 100 mM NaCI, respectively. 
Beads were then resuspended in a total volume of 100 nl FBX 100 
and 20 p.1 aliquots of the suspension were distributed. Beads were 
sedimented by gravity and 10 yd supernatant was retrieved and 
discarded. For detection of purified Espl ,1 0 »U of SOS-PAGE load- 
ing buffer was added to the beads, boiled for 5 min, and 10 jiLof. 
the SDS eiuate was loaded for SDS-PAGE, — v 7 

Scci Cleavage by Espl Bound to Chitin Affinity Beads 
Ten micronters ;(20 ng/^J) of purified ScclorSccI -Pin FBX t0 oSuppie- 
mented with 6.1 mg/ml BSA was added to 10 pJ of chitin beads 
obtained as described above. The reaction was incubated for 15 
min at 2S°C with continuous shaking. Beads were sedimented by 
brief centrifugation and 1 0 ui supernatant was retrieved and loaded 
for SDS-PAGE. In experiments where the peptide inhibitor was used, 
10 til of a 20 jiM dilution of the inhibitor (see below) was added to 
10 jd of chitin beads and Incubated 10 min at 25*C. Then, 10 uJ of 
supernatant was retrieved again, and Scc1 was added and incu- 
bated as above. To detect the proteins oh the beads labeled by the 
Inhibitor, the beads were boiled with 10 |d of SDS-PAGE loading 
buffer and the eiuate was loaded for SOS-PAGE. After electrophore- 
sis, the gel was transferred to a nitrocellulose metnbrane and biotin- 
ylated proteins were detected as described (Faleiro et ah, 1997). 

Sequence Analysis 

Searches of the nonredundant protein sequence database and of 
nucleotide sequence databases at the National Center for Biotech- 
nology Information (NIH, Bethesda) were performed using the PSI- 



BLAST program (Altschul et al., 1997). Additional database searches 
combining BLASTP with a pattern analysis were performed using 
the PHI-BLAST program (Zhang et al., 1998). Database screening 
for amino acid patterns was performed using the PATTINPROT pro- 
gram at the NPS2 server (Combet et al., 2O00). Multiple sequence 
alignment construction and analysis, with statistical evaluation of 
the significance of motif conservation, were performed using the 
GIBBS sampling option of the MACAW program (Schuler et al., 1991 ; 
Neuwald et al., 1995). Multiple-alignment-based protein secondary 
structure prediction was performed using the PHD (Rost and Sander, 
1994) and PSIPRED (Jones, 1999) programs. 

Peptide Based Covalent Inhibitors for Espl -Dependent 
Scc1 Cleavage 

A biotinylated peptidyl chloromethyl ketone (cmk) and a peptidyl 
(2,4,6-trimethy1benzoyloxy)methyl ketone (acyloxymethyl ketone, 
amk) of the sequence Ser-Val-Glu-Gln-Gly-Arg were synthesized. 
The side chain protected peptide fragment Biotinyl-6-aminohexa- 
noyl-Ser-Val-Glu-Gln-Gly-OH was obtained by solid phase synthesis 
on an acid sensitive 2-chlorotrityl resin. H-Arg(Z)2-cmk or H-Arg(Z)2- 
amk fragments were coupled in solution (Aplin et al., 1983; Krantz, 
1994), and the final peptides were deprotected by a TFA-trifluoro- 
• methanesulfpnic acid-thioanisole mixture (Yaima and Fujii, 1981). 
The compounds were purified to homogeneity by preparative re- 
versed phase HPLC. One hundred millimolar stock solutions of these 
, r inhibitors. were prepared in DMSO and stored at -SOX, dilutions 
were prepared in 50 mM HEPES/KOH (pH 7.5), 100 mM KCI, 2.5 
mM MgCI 2 , and 1 mM dithiothreitol. To assess the effect of the 
inhibitors on Espl -dependent Scc1 cleavage.a standard cleavage 
assay was performed as described (Uhlmann et al., 1999), but the 
cell extracts used for the cleavage reaction were preincubated for 
10 min at 25°C with the inhibitors. 

Cleavage of Scci by TEV Protease and Espl In Vivo 
The sequence Ser-Val-Glu-Gln-Gly-Arg-Arg around the cleavage 
site in Scd at amino acid position 268 was changed into the consen- 
sus recognition sequence for TEV protease Glu-Asn-Leu-Tyr-Phe- 
Gln-Gly, (Dougherty et al., 1989) by site-directed mutagenesis. The 
resulting modified SCC1-TEV268 gene was cloned together with 
1150 nt of upstream promoter sequence into Ylp211 (Gietz and 
Sugino, 1988), and a triple HA epitope tag was added at the C 
terminus. This SCCf construct was integrated at the LEU2 locus, 
and correct integration was confirmed by Southern blotting. The 
endogenous copy of SCCI was then disrupted by replacement with 
the HIS3 marker gene (Wach et al., 1994). The TEV protease coding 
sequence was cloned into Ylp204 (Gietz and Sugino, 1988) under 
control of the GAL promoter. At the N terminus, the consensus 
sequence of the SV40 nuclear localization signal (Kalderon et al., 
1984) was added together with a tandem repeat of nine myc epi- 
topes. At the C terminus, a repeat of two SV40 nuclear localization 
* - signals was added. The resulting construct was integrated into the 
yeast genome at the TRP1 locusrand strains with 10 copies of the « 
vector integrated were selected by Southern- blot analysis (inte- 
grated into the strain containing Scci -TEV268 only: strain K8758, 
or containing wild-type Scd : strain K9127); A strain containing the 
sole source of Cdc20 under control of the MBT3 promoter was 
constructed by integrating a modified version of plaismid pUSI 278 
(Yeonget aL, 2000) Into strain K71 00, containing GFP marked chro- 
mosome V (Michaelis et al., 1997). The centromere and ARS region 
of DUS1278 were replaced by a fragment spanning nucleotides 
-806 to -212 upstream of CDp20. Uneanzation and integration of 
this plasmld at the CDC2Q locus results In replacement of the CDC20 
promoter with the MET3 promoter (Strain K9022). Strains K8758 and 
K9022 were crossed to yield strain K9027 used for the experiments 
A control strain (K91 28) was constructed similarly, but only wild- 
type Scci Was present in the cells, tagged at the C terminus with 
a triple HA epitope (Knop et al. t 1999). The stram for Induction of 
Espl from the GAL promoter in metaphase arrest due to depletion 
of Cdc20 was obtained by crossing strain K8965 (see above) with 
K9022. For arrest of MET3-CDC20 ceils in metaphase, cells were 
grown in synthetic minimal medium lacking methionine (Rose et at, 
1990) at 23°C. Cells were filtered and transferred into YEP medium 
containing 2% raffinose supplemented with 2 mM methionine for 
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arrest in metaphase for 2.5 nr. Then, 2% galactose was added to 
Induce expression of TEV protease or Espl. The metaphase arrest 
due to Cdc20 depletion was stable until at least 4 hr after all cells 
had reached metaphase. In the case of overexpresslon of Espl in 
the metaphase arrest, a small percentage of cells (less than 20%) 
formed additional buds after 3.5 hr, probably because cyclin-depen- 
dent kinases were partly inactivated under these conditions (Tinker- 
Kulberg and Morgan, 1999). Cytokinesis or rereplication of the DNA, 
however, did not occur during the time of observation. 
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Cohesion between sister chromatids is establishectduring DNA replication and depends on a multiprotein complex^ 
caKed coh to the mitotic spindle during mitosis generates forces thai 1 would, ~ : 

Immediately split sister chro^^ isWsential-fbrWe^lignmehto^ 
chromosomes in metaphase but must be abolished for sister separation to start during anaphase. In the budding yeast 
Saccharomyces cerevisiae , Joss of sister-chromatid cohesiandepends on a separating protein (separln) called, Esp 1 1 
and is accompanied by dissociation from the chromosomes of the cohesion subunit Scc1. Here we show that Esp 1 
causes the dissociation of Scci from chromosomes by stimulating its cleavage by proteolysis. A mutant Sec 1 is 
described that ; is resistant to Esp 1 -dependent cleavage and which blocks both sister-chromatid separation and the 
dissociation pf Sec 1 from chromosomes. The evolutionary conservation of separins indicates that the proteolytic 
cleavage of cohesion proteins might be a general mechanism for triggering anaphase. 



The separation of sister chromatids at the nietaphase-to-anaphase 
transition is one of the most dramatic events of the eukaryotic cell 
cycle. As cells enter mitosis, chromosome condensation during 
prometaphase resolves the bulk of each chromatid's chromatin 
from that of its sister 1,2 . Chromatids nevertheless remain paired 
along their entire length during the attachment of chromosomes to 
the mitotic spindle. Cohesion between sisters resists the pulling 
forces exerted by microtubles attached to sister kinetochores 5 and 
thereby ensures that sister chromatids attach to microtubules 
emanating from opposite spindle poles 4,5 . It has long been suspected 
that destruction of sister-chromatid cohesion, rather than a 
major change in traction exerted by the spindle, is responsible for 
the sudden separation of sister chromatids at the metaphase-to- 
anaphase transition 5 ' 4 . It is not known what triggers this event in the 
eukaryotic cell cycle. ' , 

! ^lfcere'^ molecular- nature of the 

cohesive structures that holds sisters together and the mechanism 
by which it is suddenly broken at the oiiset of anaphase 6 . In 
S. cerevisiae, cohesion between sister chromatids depends on a 
multisubunit comjplex, called cohesin, which contains at least four 
subunits: Seel, Scc3, Smcl and Smc3 (refs 7-9). Cohesion is 
established during DNA replication with the help of Scc2 and 
Ecol (refs 9— II). A similar cohesin complex has been implicated 
in sister-chromatid cohesion in Xehopus extracts 2 . 

In yeast, there is a sudden change in the state of cohesin at the 
metaphase-to-anaphase transition: two cohesin subunits, Sccl and 
Scc3, suddenly disappear from chromosomes at the point when 
sister chromatids separate 7,9 . The dissociation of Sccl from 
chromosomes and the separation of sister chromatids both 
depend on a 'seDaTm* protein called Esp 1 (ref. 12). The existence 
of Espl homologues in many eukaryotes, including humans, 
suggests that separins have a fundamental and conserved role in 
chromosome segregation 1 *" 15 . 

For much of the cell cycle, Espl is tightly bound by the anaphase 
inhibitor Pdsl (ref 12), whose destruction at the metaphase-to- 
anaphase transition is triggered by ubiquitination due to the 
anaphase-promoting complex (APC) 16 . The APC requires an 



activator protein, Cdc20, to mediate Pdsl destruction 17 . In 
S. cerevisiae, the only role of the APC in promoting sister separation 
is to destroy Pdsl (refs 12, 18). We now investigate the mechanism 
by which Espl dissolves sister-chromatid cohesion once it has been 
liberated from Pdsl. 

Espl controls Sccl chromosome association 

The displacement of Sccl from chromosomes at the metaphase-to- 
anaphase transition might be a direct effect of Espl activity. 
Alternatively, it might just be a consequence of sister-chromatid 
separation initiated by Esp 1. We therefore examined the mechanism 
that prevents the association of Sccl with chromosomes during 
early Gl phase. Sccl is destroyed during anaphase and is normally 
not resynthesized until late Gl in the next cell cycle 7 . However, even 
when Sccl is synthesized in early-Gl cells from the galactose- 
inducible GAL 1-10 promote$*aMii^-t^ 

somes 10 . We repeated this experiment using cells arrested in a Gl- 
like state with the mating pheromone ot-factor (Fig. la). Sccl, 
induced during pheromone arrest, accumulated in the nuclei of 
most cells, but bound to chromosomes only weakly, if at all. 
Furthermore, the protein rapidly disappeared from cells after 
expression was shut off by addition of glucose (Fig. lb). When 
the experiment was repeated with espl-1 mutant cells, Sccl bound 
to chromosomes with high efficiency and remained associated even 
after synthesis was terrriinated (Fig. lb). This result indicates that 
Espl prevents the stable association of Sccl with chromosomes 
during Gl phase, in addition to causing dissociation of Sccl from 
chromosomes when sister chromatids separate. Espl may therefore 
have a direct role in removing Sccl from chromosomes. 

An //i vitro Sec 1 -dissociation assay 

To investigate the mechanism by which Espl causes Sccl to 
dissociate from chromosomes, we assayed this process in vitro 
(Fig. 2). A crude preparation of yeast chromatin 19 , isolated from 
cells arrested in a metaphase-like state by nocodazole, was incubated 
with soluble extracts from espl -J mutant cells that either had or had 
not been induced to overexpress wild-type Espl from the GAL 1-10 
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promoter. Mer incubation\vith both types of extract, the chroma- 
tin fraction was again separated from the supernatant by centrifu- 
gation and the levels of haemagglutinin( HA) -epitope- tagged Sec I 
in chromatin and supernatant fractions were analysed by SDS-PAGE 
and subsequent immunoblotting. About 70% of the total Sccl in 
nocodazole-blocked cells is tightly associated with chromatin 9 and 
is therefore present in the starting chromatin fraction, which served 
as substrate. Most Sccl remained in the chromatin fraction follow- 
ing incubation with extract prepared from espl-1 mutant cells, but 
almost all disappeared from the chromatin fraction after incubation 
with extract containing overexpressed Espl (Fig. 2). Surprisingly, 
Sccl induced to dissociate from chromatin by Espl appeared in the 
supernatant fraction as a cleaved product (Fig. 2). Both dissociation 
of Sccl from chromatin and its cleavage were inhibited by Pdsl 
translated in reticulocyte lysate, but not by a control lysate (Fig. 2). 
We also detected a small amount of Sccl -cleavage activity in extracts 
prepared from cells not overexpressing Espl if they were arrested in 
Gl, and in extracts from cycling cells lacking Pdsl (data not shown). 
Espl also caused -50% of the Scc3 cohesin subunit 9 to dissociate 
fro !Mkj.^ atin without cleavage. The association of Smc.groteins 
and^one H2B1 with chromatin was unaffected by fop F<SnSining 
extracts (data. 1 



Sccl cleaved at anaphase nset/n vivo iy : ;l <: r 

To test whether Espl -induced cleavage of Sccl also occurs in vivo 
at the onset of anaphase, we used a yeast strain in which expression 
of the APC-activator Cdc20 is under the control of the galactose- 
inducible GAL1-10 promoter 21 . Cells from this strain were arrested 
in metaphase by incubation in galactose-free medium and then 
induced to undergo synchronous anaphase by addition of galactose. 
Sister-chromatid separation, visualized by the binding to tet opera- 
tors close to CenV of tet repressor tagged with green fluorescent 
protein (GFP) (ref. 7), occurred in most cells within 15min of 
Cdc20 induction, and Sccl dissociated from chromosomes at a 
similar rate (Fig. 3a, b). We detected a small amount of Sccl cleavage 
product of the same size as that seen in vitro in cycling cells, but 
not in cells arrested in metaphase. The cleavage product appeared 
15min after release into anaphase, simultaneously with sister- 
chromatid separation and the dissociation of Sccl from chromo- 
somes (Fig. 3c). Full-length Sccl remaining in cells at this time 
might originate from the soluble pool of Sccl, whose cleavage is 
unnecessary for sister separation. Soluble Sccl in the supernatant 
fraction of chromatin preparations makes a poor substrataihtour 
in vitro cleavage assay (data not shown) 



TOsgta^ ^ Establish whether deavage^Secl^ 

/nwL^rtF ^ "T^™ { ° rS ^ Nation on Espl, we compared wild-.tyje and espl- 1 muUnt Llls afteE 
in vtttv I has b^^pested that a transient calcium wave ia^ejease from GAL-CD.G20 arVcsUat 35 "C The extent^of sister- 
mitouc celk niigh^ separation- but Sccrthromatid separation, Sccl dissociation &Ja^^^ 

not shown), and Sccl cleavage (Fig. 3d) ;was greatly reduced in the 
espl-1 mutant. We conclude that Espl promotes cleavage of Seen 
and its dissociation from chromosomes both in vivo and in vi>rb%f 

A cleavage-resistant Sccl 

To determine whether Espl-mediated cleavage of Sccl is a cause or 
a consequence of its dissociation from chromosomes, we first 
identified the Sccl -cleavage site, with a view to producing a 
cleavage-resistant mutant. The C- terminal Sccl -cleavage product 
in anaphase cells (Fig. 3) was immunoprecipitated from cell 
extracts. Amino-terminal sequence analysis of the fragment 
showed that cleavage had occurred between a pair of arginine 



mitotic 'cells might'j^ separation 20 , but Scc f 

cleavage was unaltered by acldition of the calcium chelator EGTA or 
by an excess of free' calcium The reaction was also not inhibited by 
inhibitors _of;fotases or phosphatases (data not shown). This 
suggests thaUthe dissociation of Sccl from metaphase chromatin in 
vitro is neither induced by calcium nor by de novo phosphorylation/ 
dephosphorylation. ATP depletion of extracts or addition of the 
proteasome inhibitor LLNL did not prevent Sccl cleavage (data not 
shown), indicating that Sccl cleavage is probably not due to APC- 
mediated ubiquitination. We attempted to characterize the proteo- 
lytic activity by using protease inhibitors from the four known 
classes, and found that Sccl cleavage was only inhibited by high 
concentrations ( 10 mM) of N-ethylmaleimide. 
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Rgure 1 Espi-dependeht chromosome association of Sccl in Gl. a, Strains 
K7AG6\MATaESPl SCG/ O^CCf/nj^ SCC1 GAL- 

SCCfmycW) were arrested in Gl with d-factor for 120 min (time point zero). 
fftCScan analysis showed that cells stayed arrested during the experiment 
b. Scct-Mycie was Induced for 60min, then cells were transferred to medium 
containing glucose to repress" Sccl-Mycia Expression of Scc1-Myc18 was 
seen by wrole-cell h situ 'staining (circles), and chromosome binding of Sect - 
Myc18 was observed by "us^ c^mmrosc^e spreads (scares). 
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figure 2 In vitro assay for Sccl dissociation from chromatin; Chromatin was 
prepared as described? from strain K7563 WATa SCC1-HA6) arrested in meta- 
phase by nocodazole treatment Proteins in the chromatin preparation were 
resolved by SDS-PAGE; Scc1-HA6 was detected by western Wotting (input). 
This chromatin preparation was resuspended in the indicated extracts, with or 
without addition of 50% (vAr) in vitro translation reactions, as indicated. After 
incubation, aliquots of the supernatant fraction (SU) and the chromatin fraction 
(CP) of each reaction were analysed. - 
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residues at positions 268 and 269. The first of these arginine residues 
was then mutated to aspartic acid (R268D), tagged at the C 
terminus with HA epitopes, and expressed from the GAL1-10 
promoter: expression of the mutant protein had little effect on 
cell proliferation. To test whether the R268D mutation had abol- 
ished cleavage, we used chromatin from cells expressing it as a 
substrate in the Espl assay. We found that there was no cleavage at 
site 268, but that the mutant protein was still cleaved in an Espl- 
dependent manner (Fig. 4a). The C- terminal cleavage product was 
now about 10K larger. To identify the second cleavage site, we 
looked for sequences in Sccl that are similar to those around the C- 
terminal cleavage site and found a 5-out-of-7 amino-acid match at 
position 180 (Fig. 4b). We mutated the arginine before this putative 
cleavage site to aspartate (R180D). 

We next compared the effect of expressing wild-type Sccl, R180D 
and R268D single-mutant proteins, and the R180D/R268D double- 
mutant protein from the G All- 10 promoter. Neither the single- 
mutant proteins nor the wild-type protein greatly affected cell 
proliferation, but expression of the double- mutant protein was 
lethal (data not shown). We>used chromatin from ceUs^transiently 
expressing the. double-mutant protein in our Espjjassay and found 
•foat^ 

no longer cleaved. Furthermore, it failed to dissociate from criromo- 
- somes (Fig. 4a). The small amount of 'leakage* of Sccl from- 
^chromatin into tHe^supepatant was Espl -independent (data not* 
shown). ^ 

.To obtain? the/N- and C-terminal cleavage products simul- 
tane6usly,-we"used as a substrate chromatin from a strain expressing 
Sccl tagged N-termihally with a Myc epitope and C-terminally with 
HA epitope (Fig. 4b). Espl -mediated cleavage produced a single 
HA-tagged cleavage fragment but two Myc-tagged fragments, the 
smaller of which was more abundant (Fig. 4c). These results indicate 
that all molecules were cleaved at the C-terminal site but not all of 
them were cleaved at the N-terminal site. A similar pattern of N- 
terminal cleavage fragments was obtained during anaphase in vivo 
(data not shown). 



N n-cl avable Sccl and sister s parati nvv/ 

To investigate why cells expressing the non-cleavable ScclRR-DD 
double mutant cannot proliferate, we used centrifugal elutriation to 
isolate Gl cells from a culture growing without expression of 
Sccl RR-DD, which were then incubated in the presence and absence 
of galactose to induce ScclRR-DD from the GAL1-10 promoter 
(Fig. 5). To minimize the duration of mutant protein expression, 
cells grown in the presence of galactose were transferred to glucose- 
containing medium after 135 min, when most cells had replicated 
their DNA (Fig. 5a). In the absence of galactose, sister separation 
and the dissociation from chromosomes of endogenous Myc-tagged 
Sccl occurred simultaneously about 60 min after DNA replication 
(Fig. 5b-d). Transient expression of ScclRR-DD, tagged with HA 
epitope, almost completely prevented sister-chromatid separation 
(Fig. 5b) but did not affect binding and dissociation of endogenous 
wild-type Sccl (Fig. 5c). The mutant protein remained tightly 
associated with chromosomes long after the endogenous wild- 
type protein had disappeared (Fig. 5c, d). ScclRR-DD bound to 
chromosomes immediately following induction in Gl, when wild- 
type Sccl is prevented from binding by Espl (compare to Kg i d.and : 
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Figure 3 Sccip cleavage at anaphase onset in vivo, a, Metaphase arrest and 
release using Cdc20 depletion of strain K7677 iMATacdc20& GAL^CDC20 SCC1- 
HA3 TetR-GFP TetOs). Scc1-HA3 bound to chromosomes (circles), and the 
fraction of ceils containing two separated GFP dots (triangles), b. Examples of 
ceils In the arrest at 120 min, and 15 min after release, c, Western blot analysis of 
Sccl -HA3 in whole-cell extracts prepared from cells at the indicated time points, 
d. As c, except that strain K7677 and K8054(AM7a espl-t cdc2O*GAL-CDC20 
SCC1-HA3 TetR-GFP TetOs) were arrested and released at 35°C. . 
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aa 1-180 
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Flgure 4 Ctiaratterization of the Sect cleavage sites, a. Strains K8097 if/ATa 
SCCt-mycW GAL-SCC1-HA3 TetR-GFP TetOs), K8099 StfATa SCCl-myc18 GAL- 
SCC1{R268DyHA3 TetR-GFP TetOs) and K8101 .{fAAta SCCl-myc18 GAL- 
$CC11fl180D t R268DyHA3 TetR-GFP TetOs) were grown in medium containing 
2% raffinose. Expression of the respective Sccl variant was induced for 4 h, and 
celts were arrested by nocodazole treatment Chromatin was prepared and used 
in the Espl assay. The 120K bands are HA-cross-reacting proteins. WT. wild type, 
b, The cleavage sites in Sect c. Chromatin was prepared from strain K7768 
(tfATa myc9^CCl-HA6). Sccl (ref. 8) and the derived cleavage fragments (aa. 
amino-acid residues) migrate abnormally slowly during SDS-PAGE. as shown by 
western blotting with the indicated antibodies. 
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ref. 10). The failure of ScclRR-DD to dissociate from chromosomes 
was not an artefact due to transient overexpression of the protein 
from the GALl-10 promoter, because wild-type Sccl expressed 
similarly dissociates from chromosomes with normal kinetics 10 . 

Expression of the ScclRR-DD mutant protein caused a transient 
delay of cytokinesis for 20 min (Fig. 5b), after which cells divided 
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without having separated sister chromatids. Progeny with abnormal 
DNA contents were produced (Fig. 5a), resembling espM mutant 
cells incubated at the restrictive temperature 22 . The dissociation 
from chromosomes of wild- type protein on cue shows that Espl 
activity was not impaired in these cells. The failure of sister 
chromatids to separate even when Espl was active also prevented 
elongation of the mitotic spindle (data not shown), consistent with 
the idea that loss of cohesion triggers anaphase. 

To determine the phenotype of single- and double-mutant Sccl 
proteins when expressed from the natural SCCl promoter, we 
transferred the mutations to SCO carried on a centromeric 
vector. Plasmids carrying the wild-type or either of the single- 
mutant genes transformed wild- type and sec 1 -73 strains and com- 
plemented the temperature-sensitive phenotype of the sccl -73 
mutation. No transformants expressing the R180D/R268D double 
mutant were obtained (data not shown). Together, our results 
indicate that cleavage of Sccl at one of two sites is necessary both 
for sister-chromatid separation and for the dissociation of Sccl 
from chromosomes. 




, Non-cleavable Sec 1 RR-QD Is functional ; , — ^, 

^0 test whether ScclRR-DD iTfufly nmctiond'apart^rrom its nori- 
cleavability, we first checked whether the double-mutant protein 
: could establish cohesion by itself between sister chromatids in^the 
absence of endogenous Sccl function, and then whether cohesion 
-established by ScclRR-DD was dependent oh other cohesin jub_- . 
units. We used centrifugal elutriation to isolate Gl cells of sc^73l 
and smc3-42 mutant strains 7 that could express ScclRR-DlVfrom 
the GAL I -10 promoter, then incubated them in the presence or 
absence of ScclRR-DD at 35 °C, a restrictive temperature for both 
mutations. In the absence of galactose, sister chromatids separated 
prematurely in both mutants and failed to segregate to opposite 
poles of the cell 7 (Fig. 6). Expression of ScclRR-DD suppressed 
premature sister-chromatid separation in sccl -73 mutant cells but 
not in smc3-42 cells (Fig. 6). Thus, ScclRR-DD alone fulfils 
the cohesion function of Sccl. The cohesion due to ScclRR-DD 
depends on Smc3, as does that produced by wild-type Sccl, 
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Figure S Expression of non-cleavable Sccl prevents sister chromatid separation, 
a. DNA content as unbudded G1 cells of strain K8101 were released into the 
cell cycle with or without induction of the ScclRR-OD mutant b. Budding index 
(without ScclRR-DD, open squares; with ScclRR-DD, open triangles) and 
percentage of cells with separated sister chromatids (filled symbols), c, Sccl 
chromosome association. Endogenous wild-type Scc1-Myc18 in ceils without 
(squares) and with ScclRR-DD expression (open triangles). ScclRR-DD was 
tagged with HA epitopes (filled triangles), d, Examples of chromosome spreads 
at 150 min in metaphase and at 180 min when most cells of the control culture had 
undergone anaphase. DNA was stained with DAPI. Sccl -Myc18 was detected 
with rabbit anti-Myc antiserum and Cy5-conjugated secondary antibody, Sccl RR- 
DD-HA3 was detected with mouse monoclonal antibody 16812 and Cy3- 
conjugated secondary antibody. Sister chromatids of chromosome V were 
visible by the GFP dots. 
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Rgure 6 ScclRR-DD is a functional Sccl variant a, G1 cells of strain K8lQ3(/UK7a 
$cc1-73 GAL-$CCllftt80D,R268DyHA3 TetR-GFP TetOs) were released at 35*0 
Into medium containing or lacking galactose. The budding index (filled symbols) 
and the percentage of cells containing separated , sister chromatids (open 
symbols) are shown, b, As a. except that strain K8149 WATa smc3~42 SCC1* 
mycW GALSCCW180D,R268D)-HA3 TetR-GFP TetOs) was used. 
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suggesting that ScclRR-DD differs from wild-type only in its 
susceptibility to cleavage by Espl. 

Cohesin cleavage triggers anaphase 

Our results indicate how cohesion between sister chromatids might 
be destroyed at the onset of anaphase in yeast (Fig. 7a). As Sccl is 
required to maintain cohesion until the metaphase-to-anaphase 
transition 7 " 9 , its disappearance from chromosomes should destroy 
cohesion. We have shown that cleavage of Sccl mediated by the 
separin Espl at the exact point when sister chromatids separate is 
necessary for sister-chromatid separation, for dissociation of Sccl 
from chromosomes, and for the movement of spindle poles to 
opposite ends of the cell. We propose that sister separation in yeast is 
triggered by the sudden cleavage of Sccl, although what brings this 
about is not fully understood. Proteolysis of Pdsl shortly before the 
metaphase-to-anaphase transition is important: Pdsl inhibits Espl- 
dependent cleavage in vitro and is destroyed suddenly by APC 0 
in vivo so that sister chromatids can separate 16,17 . The inhibition of 
APC 0 * 20 by Mad2 that occurs when chromosomes fail to attach 
correctly to the mitotic spindle 18 * 23,24 prevents the destruction of 
Pdsl and so blocks the onset ofr.anaphase (hence the 'Subbing of 
. Ptls t and hpmologues "hke«Gut2 : (re^ 

destruction of Pdsl is necessary for sister separation, it is riot 
sufficient The disappearance of Sccl from chromosomes is tightly 
regulated in yeast cells lacking Pdsl (ref. : 26), so a second pathway 
must exist that regulates either Esp 1 activity or the susceptibility of 
Sec I. to Espl -dependent cleavage. 

- Given'; that Smcl and Smc3 may form an antiparallel hetero- 
dimer 27 and that the link between sisters is a symmetrical, we suggest 
that Sccl and Scc3 hold the two Smcl/3 heterodimers together, 
with each being bound to sister DNA molecules 28 (Fig. 7a); separin 
could then cleave sister chromatids apart. Cleavage also destabilizes 



the association of Sccl with the rest of the cohesin complex. Our 
results do not indicate whether it is cleavage of Sccl, its subsequent 
dissociation from the cohesin complex, or both combined that 
triggers sister-chromatid separation. 

Isc h sin leavage general? 

To investigate whether Sccl was separin s only target, we searched 
for yeast proteins containing the Sccl cleavage-site consensus 
sequences SxExGRR. Only one protein gave a convincing match: 
we call this protein Rec8 (ref. 29) on the basis of its homology to the 
rec8 gene product of fission yeast (Fig. 7b). Rec8 is a member of the 
Sccl family and contains two SxExGRK motifs; it is only expressed 
in meiotic cells and, unlike Sccl, is essential for sister-chromatid 
cohesion during meiosis I and II (ref. 30; and F. Klein, S. Buonomb 
and K.N., unpublished results). Rec8 seems to replace Sccl during 
meiosis, and cleavage of Rec8 might be crucial for separating sister 
chromatids during meiosis. 

We have not been able to detect Sccl cleavage motifs in homo- 
logous proteins from animals, but the equivalent protein in fission 
yeast, Rad21 (ref. 31), does contain two near matches in^a. similar 
region of the protein to those from Sccl (Fig. 7b). Most cohesin in 
^animal cells dissociates fronilclwpmosomes.duiing prometaphase 2 : A 
key question for the future is therefore whether the target for animal 
cell separins is a small fraction of the cohesin pool that persists on 
metaphase chromosomes or some other cohesion protein. 

Is the Espl separin a protease? ^ 

Although we have not directly determined the identity of the 
protease that cleaves Sccl, our finding that the cleavage activity in 
extracts is roughly proportional to their Espl concentration (data 
not shown) raises the possibility that Espl is itself the protease. Espl 
and its homologues in other organisms are all large proteins of 
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Figure 7 Model for separin action on cohesin, and conservation of potential 
cohesin cleavage sites, a, Proteolytic cleavage of one of cohesin's subunits is 
necessary tor sister separation, suggesting that cohesin complexes link sister 
chromatids. Mad2 is included in the scheme as a known inhibitor of APC*** 20 
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{ref. 24). b, Alignment of known and putative cohesin cleavage 
motifs similar to the consensus between the two Scci 
searched for using the HMMER algorithm*. 
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relative molecular mass -200K (refc 13, 15, 22, 32). Most of their 
sequences are not highly conserved, but they all contain a conserved 
C-terminal domain, which might be responsible for a proteolytic 
activity. This 'separin domain' does not resemble any known 
protease. However, the insensitivity of the cleavage reaction to 
many known protease inhibitors suggests that the protease may 
have a novel mechanism of action. If Espl is not itself the protease 
then ,t might instead be an allosteric effector of a protease, which 
either resides on chromatin or is present in the soluble fraction 
Indeed, Espl might have functions in addition to Sccl cleavage" It 
will be necessary to purify Espl and provide it with a more clearly 
defined substrate to answer these questions. rj 
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Methods 

Plasmids and strains. The Sccl coding sequence was cloned under control of 
the GALl-10 promoter into a YIplacl28 derived vector 35 . A DNA fragment 
encoding 3 tandem HA epitopes was inserted into a Notl restriction site 
introduced by PCR at the C terminus of SCCL Site-directed mutagenesis was 
performed by exchanging restriction fragments from Sccl with PCR fragments 
obtained using primers containing the desired nucleotide changes. 
. All strains used were derivatives of W303. Epitope tags m the C terminus of 
^endogenous Scclp.were-generate* ^PM«%ugging method'- 
(W. Zacchanae and K.N., unpublished results). The Myc-epitope tag at the N 
terminus of endogenous Sccl was obtained by integration of a N-terminally 
tagged portion of Sccl at theSCCl locus. Strains expressing Sccl-Mycl8, Espl 
and Cdc20 under control of the GALl-10 promoter have been described 71 "' ' 
Cel^rowth and cell-cycle experiments. Cells were grown in complete 
medium, at 25?C unless otherwise stated. Strains expressing Cdc20, Espl or 
Sccl from the GALl-10 promoter were grown in complete medium containing 
2% raffinose as carbon source. The GALl-10 promoter was induced by adding 
2% galactose. A Gl-like arrest was achieved by adding l^gml" 1 of the 
pheromone a-factor to the medium. For metaphase arrest, 15 u-gmT 1 noco- 
dazole was added with 1% DMSO. Metaphase arrest due to Cdc20 depletion 
was obtained in cells with Cdc20 under control of the GALl-10 promoter by 
shifting to medium containing raffinose only. For release from the arrest, 2% 
galactose was added back to the culture. 

In vitro assay for Espl activity. A crude Triton X-100-insoluble chromatin 
preparation was obtained from yeast cells as described". The pelleted chroma- 
tin was resuspended in yeast cell extracts that had been prepared similarly to 
the supernatant fraction of the chromatin preparation. Routinely, one tenth 
volume of an ATP regenerating system (50 mM HEPES/KOH, pH 75, 100 mM 
KC1, 10 mM Mgd 2 , 10 mM ATP, 600 mM creatine phosphate, I.Smgmr' 
phophocreatine kinase, 1 mM DTT, 10% glycerol) was added. (This addition 
was later found not to be essential.) Reactions were incubated for lOmin at 
25 C with gentle shaking, and stopped on ice: .The chromatin fraction'was 
serrated again ftom the supernatant by cmtr^gatioW and resuspended in 
buffer EBX ... Equivalent diquots of supernatant ^chromatin pellet were 
analysed by SDS-PAGE and western blotting. HA-tagged Sccl was detected 
using monoclonal antibody 16B12, Myc-tagged Sccl with monoclonal anti- 
body 9E10. As overexpression of Espl from the GALl-10 promoter is toxic to 
cells, extracts with overproduced Espl were prepared 2 h after induction with 
galactose of a culture pregrown in medium containing raffinose only 
^"s^uendngofmeS^ 

fragment was isolated from strain K7756 (MATa cdc20A GAL-CDC20 SCCl- 
myclg). Cells synchronized in anaphase were obtained as described for Fig. 3 
Protein extract of 5 X cells was prepared by breakage with glass beads in 
brea^g^ufier (50mM HEPES/KOH, pH 7:5, lOO mM KQ, 25 mM Mgd 2 
lmM DTT, 0O5% Triton X-I00, 0.1% SDS, plus protease inhibitors). Myc- 
epitope-tagged protein was immunopredpitated with 20jtg anti-Myc 9E11 
monodonal t antibody, resolved on SDS-PAGE and transferred to a PVDF 
membrane' . N-terminal sequencing of the band corresponding to the Sccl 
deavage fragmentwas performed usmga^AppUedBiosystems492A sequencer 
Hie ammo-acid sequence was RLGESIM, corresponding to the Sccl amino- 
aad residues from position 269. 

Chromosome spreading. Analysis of DNA content and chromosome 
spreadmg have been described 7 , but spheroplastation to prepare cells for 
spreading was at 37°C for only 5min. 
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Summary 

In yeast, anaphase depends on cohesin cleavage. How 
anaphase is controlled in vertebrates is unknown be- 
cause their cohesins dissociate from chromosomes ^ 
^ before ana^phasei&We shovM^ 
v^^the cohesin SCC1 remain associated with human cen- 
\trbmeres until the onset of anaphase when a similarly 
small amount of SCC1 is cleaved. \nXenopus extracts, 
SCC1 cleavage depends on the anaphase-promoting 
complex and separin. Separin immunoprecipitates are 
sufficient 7 to cleave SCC1, indicating that separin is 
associated with a protease activity. Separin activation 
coincides with securin destruction and partial separin 
cleavage, suggesting that several mechanisms regu- 
late separin activity. We propose that in vertebrates, a 
cleavage-independent pathway removes cohesin from 
chromosome arms during prophase, whereas a sep- 
arin-dependent pathway cleaves centromeric cohesin 
at the metaphase-anaphase transition. 

Introduction 

In eukaryotes, replicated DNAtoojecules remain associ- 
ated from the tirrie'of tfielrsyntfiesis until they are sepa- 
rated in anaphase. This cohesion between sister chro- 
j _&pz matids allows the bipolar attachment of chromosomes 
to the mitotic spindlejong afteftepljcatiorthas occurred . 
Loss of cohe~sibn is therefore required for trie separation 
of sister chromatids. In presumably all eukaryotes this 
..^pfeiS^teai^by ac^ivatte^ 
in^omplex (APC), a ubiqur^-protelrBigas that targets 
mitotic proteins for destruction by^l^SS proteasome 
(reviewed by Peters, 1999). 

How activation of the APC initiates sister separation 
is' best understood in budding yeast (reviewed by Dej 
and Orr-Weaver, 2000; Koshland and Guacci, 2000; Na- 
smyth et al., 2000). In this organism, protein complexes 
known as 1 4S cohesin are essential for sister chromatid 
cohesion. Yeast mutants defective in the cohesin sub- 
unit genes smct, smc3, scc1/mcd1, or scc3 separate m 
sister chromatids in the absence of APC activity (Guacci 
et al., 1997; Michaelis et al., 1997; Toth et al., 1999). 

*To whom correspondence should be addressed (e-mail: peters® 
ntlmp.unlvie.ac.at). 

§ Present address: InterCell GmbH, Dr. Bohrgasse 7b, 1030 Vienna, 
Austria. 
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This result and the observation that cohesin subunits 
dissociate from chromatin at the onset of anaphase sug- 
gest that the APC initiates anaphase by removing cohe- 
sins from chromosomes. The APC mediates this event 
by ubiquitinating Pdslp (Cohen- Fix et al., 1996), a pro- 
tein that binds and presumably inhibits the anaphase 
activator Esp1 p (Ciosk et al., 1 998). Following ubiquitin- 
dependent proteolysis of Pdslp, Esplp mediates the 
dissociation of 14S cohesin from chromosomes. This 
reaction depends on cleavage of cohesin's subunit 
Scc1 p/Mcd1 p, suggesting an elegant model for the initi- 
ation of anaphase (Uhimann et al., 1999). According to 
this model, cohesin itself would physically connect sis- 
ters until Scc1 p/Mcd1 p is cleaved in an Esp1 p-depen- 
dent manner, thereby liberating sisters for poleward 
movement in anaphase. To illustrate its activating role- 

. jn^e^separation of sister chromatids, Esplp and its V 
orthoiogs in other eukaryotes are now called, sepanrfefi,,,^ 
whereas Pdslp and its orthoiogs are called securing 
(Yanagida, 2000). 

Several observations suggest that ubiquitin-depen- 
dent proteolysis mediated by the APC and its mitotic 
activator CDC20/Fizzy is essential for anaphase, not 
only in budding yeast, but also in other eukaryotes (re- 
viewed in Peters, 1 999). For example, APC-dependent 
proteolysis of the securins Cut2p and PTTG is required 
for anaphase in fission yeast and Xenopus, respectively 
(Holloway et al., 1993; Funabiki et al., 1996a; Zou et al., 
1 999). In Drosophila, degradation of Pimples is required 
for anaphase, suggesting that this protein functions as 
a securin in flies (Stratmann and Lehner, 1 996; Leismann 
et al., 2000). Surprisingly, cut2 and pimples mutants are 
unable to enter anaphase, suggesting that securins have 
activating as well as inhibitory roles in sister separation. 
The function of separins may also be conserved because 
the separins Cut1 p and BIMB are essential for anaphase 
in fission yeast and Aspergillus, respectively (May et al., 
♦1992; Funabiki et al., 1996b). 

The notion that the APC-separin pathway controls:- 
anaphase in, all eukaryotes*is further supported by the '.J 
observation that cohesin complexes containing or- 

^thologs of Smrip,- Smc3p, Scclp/Mcdlp, ancLSccSp^^r 
exist in Xenopus (LosadaBt ahf 1 998) and h JmaTi t c^fi&^ 
(Sumara et al., 2000) and by the finding that Xenq%u£ T 4S 
cohesin is required for proper sister chromatid cohesion 
(Losada et al., 1998; E. Vorlaufer and J.-M. P., unpub- 
lished data). However, despite these similarities with the 
yeast complex, vertebrate cohesins have been shown 
to dissociate from chromosomes already in prophase, 
i.e., long before sisters separate (Losada et al., 1998; 
Darwiche et al., 1999; Sumara et al., 2000). Unlike in 
yeast, this event does not depend on activation of the 
APC, suggesting that securin destruction and separin 
activation are not required to remove vertebrate cohe- 
sins from condensing chromatin (Sumara et al., 2000). 
In vertebrates, it is therefore not known how sister chro- 
matid cohesion is maintained between prophase and 
the onset of anaphase, and it is unclear how the APC- 
separin pathway controls anaphase in eukaryotes other 
than budding yeast. 
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Figure 1. Localization of SCC1 on Meta- 
phase Chromosomes 

(A) Sucrose density gradient fractionation of 
an extract from logarithmically growing HeLa 
SCC1 -myc cells. The proteins indicated were 
detected with specific antibodies. The upper 
and the lower band in the middle panel repre- 
sent myc-tagged and endogenous SCC1 , re- 
spectively. SA1 is a subunit of human cohesin 
complexes (Sumara et at, 2000). The posi- 
tions corresponding to sedimentation coeffi- 
cients of 9S and 14S are indicated. 
(B and C) Localization of SCC1-myc in ex- 
tracted cells at different stages of mitosis. 
Exponentially growing HeLa ceils expressing 
SCC1 -myc were extracted, fixed, and stained 
with an anti-myc antibody revealed by an 
Alexa 568-coupled secondary antibody. Ki- 
netochores were visualized by staining with 
human CREST serum followed by an Alexa 
48&^coupled secondary antibody. DNA was 
counterstained with DAPI. In the merged pan- 
- : els anti-myc staining is in red and CREST 
attaining is depicted in green. SCC1-myc 
staining is present in extracted SCC1 r mye 
HeLa cells on prophase and telophase chro- 
matin. Some SCC1-myc staining remains on 
chromosomes in metaphase and disappears 
from chromatin in anaphase. Further magnifi- 
cation reveals that the remaining staining on 
metaphase chromosomes is predominately 
centra meric, whereas in prometaphase, chro- 
mosome arms and centromeres are stained 
(B). Bars, 5 



To address these questions "we have reinvestigated 



~ ^ r maKa smait^mourtt of 

^r^L SCC1 rema,n s associated with metaphase^hromo- 
' *' somes where it preferentially localizes to centromeres 
until it disappears in anaphase. A similarly small amount 
of SCC1 is cleaved in vivo specifically in anaphase, but 
not in pro- or metaphase. Reconstitution of SCC1 cleav- 
age in Xenopus egg extracts shows that this reaction 
depends on the APC and separin and affects preferen- 
tially chromosome-associated SCC1. Immunopurified 
sepann is sufficient to cleave the SCC1 subunit of puri- 
fied cohesin complexes, indicating that separin is asso- 
ciated with a protease activity. Mitotic activation of sep- 
ann depends on the APC and correlates with securin 
destruction and with partial cleavage of separin itself 
suggesting that separin activity is controlled by at least 
two mechanisms. Based on our results, we propose 
that vertebrate cohesins are regulated by two different 
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pathways that affect cohesins in a spatially and tempos 
..:raHy;distinqt l xnanner: in prophase^leavagSindep^n— 
dent pathway removes the bulk of cohesins from the . 
arms of. condensing chromosomes, whereas at the meta/ ^ : 
phase-anaphase transition an APC- and separin-depen- 
dent pathway removes centromere-bound cohesin com- 
plexes by cleaving their subunit SCC1. 

Results 

Small Amounts of SCC1 Remain Associated 
with Centromeric Regions of Human 
Metaphase Chromosomes 

To test if residual amounts of cohesins remain associ- 
ated with metaphase chromosomes, we reinvestigated 
the intracellular distribution of SCC1 by immunofluores- 
cence microscopy. Because antibodies to vertebrate 
cohesins have so far failed to detect their antigens on 
metaphase chromosomes (Losada et al., 1998; Dar- 
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Figure 2. SCC1 Is Cleaved in Mitosis 

(A and B) HeLa cells arrested at the onset of S-phase by doubte- 
thymidine treatment were released into the cell cycle and samples 
taken at the indicated time points were analyzed by FACScan (A) 
and immunoblotting using antibodies against the Indicated proteins 
(B). SCC1, short immunoblot exposure obtained with C-terminal 
SCC1 antibodies. SCC1 C , long exposure of the same SCC1 immu- 
noblot SCC1 M , long Immunoblot exposure obtained with N-terminal 
SCC1 antibodies. Mitosis specific SCC1 cleavage products are 



wiche et al., 1999; Sumara et al., 2000) we generat d a 
HeLa cell line stably expressing a tagged version of 
SCC1 containing 9 myc epitopes at its C terminus. For 
historic reasons, we used mouse SCC1 (whose amino 
acid sequence is 94% identical with the human SCC1 
sequence) for these experiments. Like endogenous 
SCC1, ectopically expressed SCC1-myc could be de- 
tected in both chromatin and supernatant fractions iso- 
lated from logarithmically growing cells, coimmunopre- 
cipitated with other cohesin subunits, was nuclear in 
interphase cells, and cosedimented with 14S cohesin 
complexes during sucrose gradient centrifugation (Fig- 
ure 1 A and data not shown). As judged by immunoblot- 
ting, SCC1 -myc is expressed at levels corresponding to 
approximately 10% of the endogenous SCC1 (Figure 
1 A, middle panel), but the ratio of ectopic to endogenous 
SCC1 may be higher in individual cells because immuno- 
fluorescence microscopy revealed that only 80% of all 
cells expressed detectable amounts of SCCI-myc, and 

^ of these, many expressed the ectopic protein at low 

^-.^levals^teta^hot shown). 

When we analyzed unextracted mitotic cells express-* 
ing SCC1-myc by immunofluorescence microscopy us-* 
ing myc antibodies, only very weak, if any, staining could 
be seen on metaphase chromosomes (data not shown). 
Because weak chromosomal signals may be obscured 
by the strong cytoplasmic signal caused by soluble 
cohesins, we briefly extracted SCCI-myc expressing 
cells before fixation and immunostaining. Under these 
conditions incubation with myc antibodies yielded a 
fine-punctate staining on metaphase chromosomes of 
SCC1-myc cells (Figures 1 B and 1C). This staining was 
specific for SCC1-myc because no punctate staining 
could be observed with myc antibodies on chromo- 
somes of control HeLa cells, or when SCC1-myc cells 
were stained with antibodies to unrelated proteins or 
with secondary antibodies alone (data not shown). 
Coimmunostaining with CREST serum specific for kinet- 
ochores (Brenner et al., 1 981 ) revealed that the strongest 
of the dotty SCC1-myc signals were located precisely 
jpin between pairs of kinetochores (Figures 1B and 1C), 
Vindicating that SCC1-myc is associated with centro- 
meric regions. In prophase cells, additional SCC1 -myc 
signals could be detected in other chromosomal regions 
that were not in close proximity to kinetochores, (Figure 

33**- v1G)?JJiese noncentromeric,sjoj)ajsiwere often arranged 
in linear arrays (Figure 1 B) and*we7e either largely or 
entirely absent from metaphase chromosomes (Figures 
1B and 1C), suggesting that SCC1 dissociates from 
chromosome arms between pro- and metaphase but 
remains associated with centromeres. Importantly, we 
were unable to detect any clear chromosomal SCCI- 
myc signals in 140 anaphase cells that we inspected 
(Figure 1C). Because 80% of all cells in our experiment 
expressed SCC1-myc, we should have observed some 



marked by arrows. An extract of logarithmically growing HeLa cells 
flog) was analyzed side by side. 

(C) HeLa cells stably expressing SCC1 -myc were analyzed by immu- 
noblotting as in (B). Mitosis specific SCC1 cleavage products are 
marked by arrows. Antibodies to proteasomes (prot) were used as 
loading controls, eye A, cyclin A; eye B, cyclin B; P-H3, histone H3 
phosphorylated on serine 10. 
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anaphase cells with chromosomal SCC1-myc signals if 
they existed. These results suggest that SCC1-myc is 
removed from centromeric regions at the metaphase to 
anaphase transition. 

A Small Amount of SCC1 Is Cleaved in Human 
Cells Undergoing Anaphase 

To analyze the cell cycle behavior of SCC1 biochemi- 
cally, HeLa cells were synchronized by a double-thymi- 
dine arrest and release protocol. Samples taken at differ- 
ent time points were analyzed for DNA content by FACS 
(Figure 2A) and for SCC1 by immunoblotting whole cell 
lysates with antibodies specific for the C terminus of 
SCC1. Short exposures of chemiluminescent immu- 
noblots showed no fluctuation in SCC1 levels during the 
cell cycle (Figure 2B, panel SCC1), whereas quantitation 
of radioactive blots revealed a minor SCC1 decrease 
of about 15% in mitotic cells (data not shown). Long 
exposures, however, showed additional bands cross- 
reacting with SCC1 antibodies (Figure 2B, panel SCC1 0 ). 
. Of these, a 95 kDa band appeared specjfici|^as^ells r 
Pressed through mitdslsand disSplpeareciJn G1 . An-"^ 
tibodiestb the N terminus of SCC1 detected a different 
mitosis-specific band of 30 kDa that appeared and dis- 
appeared with similar kinetics as the 95 kDa band (Figure 
2B, panel SCCI"), consistent with the possibility that a 
small portion of full-length SCC1 (which migrates as 
a 125 kDa protein) is cleaved into N- and C-terminaP 
fragments of 30 and 95 kDa, respectively. To verify this 
hypothesis, we analyzed SCC1-myc in synchronized 
HeLa cells as above (Figure 2C). Myc immunoblots re- 
vealed a mitosis-specific band that migrated as a 120 
kDa protein, as expected for a myc-tagged version of the 
C-terminal SCC1 -cleavage fragment (Figure 2C, second 
panel). In addition, a smaller mitosis-specific fragment 
of 55 kDa was observed in long exposures of myc immu- 
noblots (Figure 2C, third panel), suggesting that SCC1- 
myc is cleaved at at least two distinct sites in mitosis. 

When we analyzed the behavior oCother cell cycle 
regulators in the same experimentSj^wf^observed that 
the mitosis-specific SCC1 cleavage ^oducts began to 
appear when cyclin A, cyclin B,^ndCDC20 began to 
disappear (Figure 2C), i.e>either-in meta-^or anaphase. 
To determine more preciselyiwhen.SCCI cleavage oc- 
curs, we released HeLa SCC1-rnyc cells from a double 
thymidine arrest into medium containing nocodazole a 
Microtubule ppisbn^ 
bly checkpoint and thereby inhibits the abilit^of the 
APC to initiate anaphase (reviewed by-Amonri999) 
Under these conditions, cells arrested in a mitotic state 
with unseparated DNA, highly phosphorylated histone 
H3 and CDC27 (a subunit of the APC), and high levels 
of cyclin B and securin, whereas cyclin A was degraded 
(Figure 3A). Unexpectedly, the levels of CDC20 de- 
creased significantly under these conditions. Longer im- 
munoblot exposures detected small amounts of CDC20, 
suggesting that these may be sufficient to initiate ana- 
phase upon release from the nocodazole arrest (Figure 
3B). Importantly, no mitosis-specific cleavage products 
of SCC1 could be observed with either SCC1 or myc 
antibodies in nocodazole-arrested cells (Figure 3A) indi- 
cating that SCC1 cleavage depends on the initiation of 
anaphase and does not occur in pro- or metaphase. 



This conclusion was confirmed by releasing HeLa SCC1 - 
myc cells from a nocodazole arrest. Under these condi- 
tions, SCC1 cleavage occurred when cells began to 
degrade cyclin B and securin and began to separate 
their DNA, i.e., in anaphase (Figure 3B). 

Xenopus Egg Extracts Recapitulate 
the Mitosis-Specific Cleavage of 
Chromatin-Associated SCC1 In Vitro 
To study the regulation of SCC1 cleavage, we estab- 
lished an in vitro assay for this reaction. We chose Xeno- 
pus egg extracts for this purpose because addition of 
nondegradable cyclin B to such extracts generates a 
stable mitosis-like state that resembles the situation at 
the onset of anaphase, i.e., with both cyclin-dependent 
kinase 1 and APC activities being high (Murray et al., 
1 989). As a source for SCC1 , we used fractions prepared 
from nocodazole arrested HeLa cells expressing SCC1- 
myc. When we added low speed pellet fractions en- 
riched in chromatin to mitotic Xenopus extracts, the 
^„foiiriation^;two^^SCC1-myc cleavage products could 

* be detected by immunoblotting -(Figures 4A~and 4C).^ 
The electrophoretic mobility of these fragments was in- 
distinguishable from the mobility of the cleavage prod- 
ucts formed in vivo, indicating that cleavage in vitro 
occurs at the physiologically relevant sites (Figure 4B). 
No cleavage could be detected when chromatin from 
HeLa SCC1-myc cells was incubated in Xenopus in- 
terphase extracts (Figure 4A), indicating that SCC1 
cleavage in vitro is mitosis-specific. When chromatin- 
free low speed supematants from HeLa SCC1 -myc cells 
were incubated in mitotic Xenopus extracts much less 
cleavage occurred than in reactions containing chroma- 
tin fractions, although roughly equal amounts of SCC1- 
myc were present in both reactions (Figure 4C). This 
result was not due to the presence of an inhibitory factor 
in the supernatant because addition of the supernatant 
fraction to reactions containing chromatin and mitotic 
Xenopus extract did not inhibit SCC1-myc cleavage 
(data not shown). These results suggest that chromatin 

n v associated SCC1 is preferentially cleaved, whereas sol- 

* uble SCCr is a poor substrate. 

SCC1 Cleavage Depends on Separin and the APC 
Immunoblot experiments showed that both the chroma- 
^ ain peJIet^anojthe supernatant fractio>of"HeLa cell ex- ,; 
tracts used in this assay contained APC and separin 
(data not shown). To analyze if these proteins are re- 
quired for SCC1 cleavage, as they are in budding yeast, 
we performed a series of immunodepletion experiments! 
As depletion from the chromatin fraction was technically 
impossible, we depleted human separin from superna- 
tant fractions of HeLa SCC1-myc cells (Rgure 5A). No 
cleavage of SCC1-myc occurred when these fractions 
were incubated in mitotic Xenopus extract (Rgure 5B), 
suggesting that human separin is required to cleave 
SCC1 -myc. This result also implies that the mitotic Xen- 
opus extract alone is not sufficient for cleaving SCC1- 
myc in this system, raising the possibility that the activity 
of Xenopus separin is labile in the mitotic extracts, or 
that Xenopus separin cannot cleave mammalian SCC1 
due to species differences. In contrast, we found that 
depletion of the APC from HeLa SCC1 -myc supernatant 
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Figure 3. SCC1 Is Cleaved In Anaphase 
HeLa SCC1-myc cells were either first syn- 
chronized by double-thymidine treatment 
and subsequently released into the cell cycle 
in the presence of nocodazole (A) or HeLa 
SCC1-myc cells were first arrested by noco- 
dazole treatment and then released Into the 
cell cycle (B). Samples were taken at the indi- 
cated time points and analyzed by FACScan 
(top panels) and immunoblotting with anti- 
bodies to the indicated proteins (bottom pan- 
els). Anaphase-specific cleavage products of 
SCC1 -myc and separin are marked by 
arrows. The electrophoretic mobility shift of 
CDC27 and securin is due to mitosis-specific 
phosphorylation, eye A, cyciin A; eye B, cyclin 
B; P-H3. phosphorylated histone H3; prot, 
proteasome. 
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fractions did not abolish SCC1-myc cleavage (data not 
shown). Also depletion of the APC from mitotic Xenopus 
extracts had little effect (Figures 5A and 5C). Simultane- 
ous depletion of the APC from both HeLa and Xenopus 
extracts did, however, abolish SCC1 -myc cleavage (Fig- 
ure 5C). This result suggests that the APC is required 
for SCC1-myc cleavage in this assay, and that both 
human and Xenopus APC are sufficient to support this 
reaction. We presently do not know why mitotic human 
cell extracts alone are not sufficient to cleave SCC1 f but 



it is possible that mitotic Xenopus extracts are required 
to activate the APC (whose activity is inhibited by MAD2 
in nocodazole-arrested human cells) or to mediate effi- 
cient proteaseome-dependent proteolysis. 

Mitotically Activated Separin Is Sufficient 
to Cleave Purified Cohesln Complexes 
To analyze if separin is directly involved in SCC1 cleav- 
age we immunoprecipitated separin from nocodazole- 
arrested mitotic HeLa cells (Figures 6A and 6B) and 
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Figure 4. SCC1-myc Is Cleaved in Mitotic Xenopus Extracts 

(A) Chromatin-enriched fractions from nocodazole-arrested HeLa 
SCC1-myc extract were incubated either in interphase or mitotic 
Xenopus egg extracts (XI). Samples were taken at the indicated 
time points and analyzed by immunoblotting with^myc antibodies. 
Mitosis-specific SCCl-myc cleavage^product& m+marked by ar- 
rowheads. * ; _ jt±_ ^ - 

(B) SCC1-myc cleaved in vitro as in (A) and extracts obtained from 
a double thymidine-release experiment with HeLa SCCl-myc ceils 
(anaphase, S-phase) were analyzed.^mmunoW " 
antibodies. Mitosis-specific SCC'1-niyc cleavage ' products are 
marked by arrowheads. 

(C) Chromatin-ennched fractions and chromatin : freersupemataht 
fractions from hocodazole-arresteci' HeLa SC^I^yc ceHs Were in- ' 

M cubated in mitotic Xenopus egg extracts (XQ. Samples. were'Jaken 
at the indicated time points and analyzed by immunoblotting with 
myc antibodies. Mitosis-specific SCC1-myc cleavage products are 
marked by arrowheads. 
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Figure 5. Cleavage of SCC1-myc in Mitotic Xenopus Extracts De- 
pends on Separin and the APC 

(A) Mitotic extracts from Xenopus eggs (XI 490 ) or from nocodazole- 
arrested HeLa SCC1-myc cells (HeLa) were either left untreated, 
depleted with control antibodies (Amock), or depleted with antibod- 
ies to separin (Aseparin) or the APC (AAPC) and analyzed by immu- 
noblottlng with separin or CDC27 antibodies. 

(B) MitoticXenopus extracts (XJ) were supplemented with the super- 
natant fractions from untreated, mock- or separin-depleted HeLa 
SCCl-myc cell extracts obtained as in (A).. At the indicated time 
points, samples were taken and analyzed by Immunoblotting with 
myc antibodies. The slowest migrating band represents full length 

^P 1 . iT!^ *^,CTi! osis ~ s P e ^ 1 i,ic > SCCl-myc cleavage product is 
maTkeB-byan arrowhead.' * ■ 

(C) APC-depleted or untreated supernatant fractJons from HeLa 
SCCl-myc cells obtained as in (A) were incubated in APC-depleted 
(XI: AAPC) or mock-depleted (XL- Amock) mitotic Xenopus extracts 
and analyzed as in (B). 



purified soluble cohesin complexes from supernatant 
fractions of mitotic HeLa SCC1-myc cells (Figure 6C). 
When the separin immunoprecipitates washed with 
buffer were incubated with purified cohesin, no SCCl- 
myc cleavage could be detected by immunoblotting 
(Figure 6D, left panel). We therefore incubated the sep- 
arin immunoprecipitates in mitotic Xenopus extracts, 
speculating that the role of these extracts in the above 
described assay could be to activate separin. When 
separin immunoprecipitates were added to mitotic Xen- 
opus extracts, reisolated, washed and then incubated 



with purified cohesin complexes, cleavage of SCCl- 
myc was observed at the physiologic sites (Figure 6D, 
right panel). No SCC1 -myc cleavage was observed when 
separin immunoprecipitates were incubated in an in- 
terphase Xenopus extract (Figure 6D, middle panel), 
suggesting that separin is activated in the Xenopus ex- 
tract by mitosis-specific mechanisms. 

To obtain insight into these mechanisms and to ad- 
dress whether separin itserf is the SCC1 protease we 
analyzed separin immunoprecipitates before and after 
incubation in mitotic Xenopus extracts. Goomassie blue 
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Figure 6. Mitotic Activation Allows Separin 
Immunoprecipltates to Cleave the SCC1 -myc 
Subunlt of Purified Cohesln Complexes and 
Coincides with Securin Destruction and Sep- 
arin Cleavage 

(A and B) Immunoprecipitates obtained With 
separin antibodies (separin-IP) or with control 
antibodies (mock-IP) from extracts of noco- 
dazole-arrested HeU cells were either left 
untreated, or incubated in buffer or in mitotic 
Xenopus extracts. Subsequently, the immu- 
noprecipltates were washed and analyzed ei- 
ther by immunoblotting with separin (A, top 
panel) or securin antibodies (A, bottom 
panel), or by Coomassie blue staining (B). 
Full-length separin is marked by a filled ar- 
rowhead, a C-terminally truncated form of 
separin by a star, and mitosis-specific C-ter- 
minal separin cleavage products by open ar- 
rowheads. Two unidentified Xenopus pro- 
teins that bind to separin antibody beads in 
the absence of human separin (see text) are 
marked by filled dots. The abundant 55 and 
1- 29 kDa bands visible in (B) represent IgG 
heavy and light chains, respectively. 

(C) Immunopurified soluble cohesln com- 
plexes were analyzed by silver staining. The 
positions of individual subunits are indicated 
(see Sumara et al., 2000). 

(D) Separin immunoprecipitates were incu- 
bated in either buffer, or interphase or mitotic 
Xenopus extracts, washed and added to 
purified cohesin complexes. Samples were 
taken at different time points and analyzed 
by immunoblotting with myc antibodies. The 
slowest migrating band in the top panels rep- 
resents full-length SCC1-myc. SCC1-myc . 
cleavage products that are generated In the 
presence of mrtotically activated separin are 
marked by arrowheads. The bottom panels 
show a longer exposure of the same blots as 
in the top panels. Panels (A) and (B) are from 

a different experiment than panels (C) and (D) 
but mitotically activated separin immunopre- 
cipitates showed mitosis-specific SCC1-myc 
cleavage activity in six independent expert- 



staining showed tw6^ajjds^()J,2pp arid 180 kDajn the 
separin immunoprecipitates before theirincubation in 
Xenopus extract which were absent in control precipi- 
£**^'$*$F$$ !V aJHed arrowhead|iftd a starirtFigure 
6B)r Mass spectrometrlc analysis^of trypticj peptides 
identified these bands as full length and firWcated forms 
of separin (data not shown). The 200 but not the 180 
kDa band could also be recognized by monoclonal anti- 
bodies specific for the separin C terminus (Figure 6A), 
indicating that the 180 kDa separin is truncated at the 
C terminus. After incubation in mitotic Xenopus extract 
the amount of the 200 kDa separin band was strongly 
reduced and two additional bands of 220 and 195 kDa 
were detected by Coomassie staining (Figure 6B, 
marked by dots). The identity of these 200 and 1 95 kDa 
Xenopus proteins is presently unknown. However, we 
do not believe that these proteins are relevant for the 
SCC1 cleavage reaction because they also bound to 
separin antibody beads that had not previously been 
incubated in human extracts, and these immunoprecipi- 
tates were unable to cleav SCC1 -myc (data not shown). 



._SCC1-myc .„ 

Immunoblotting with securin antibodies showed that 
securin was present in the separin immunoprecipitates 
_ befo 5 e £ ut not after incubation in the mitotic Xenopus 
- extract' (Figure 6A), consistent with the possibility that 
separin activation in the Xenopus extract depends on 
APC-dependent securin proteolysis. To test this possi- 
bility, we incubated separin immunoprecipitates in mi- 
totic Xenopus extracts from which the APC had either 
.been immunodepleted (data not shown) or in which APC 
activity was competitively inhibited by the addition of 
N-terminal cyclin B peptides (Figure 7A). Under these 
conditions the separin immunoprecipitates still con- 
tained securin after incubation in the Xenopus extracts 
(Figure 7B) and showed a significantly reduced ability 
to cleave SCC1 (Figure 7C). APC activity is therefore 
required to activate separin, possibly because securin 
proteolysis is needeoSfor separin activation. 

Immunoblotting with C-terminal separin antibodies 
confirmed that th majority of full length separin disap- 
peared during incubation in mitotic Xenopus xtract 
(Figure 6A). These blots further revealed that at th same 
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Figure 7. Mitotic Activation of Separin Immunoprecipitates De- 
pends on the APC 

(A) In vitro translated ^S-labeled full-length cyclin B was added to 
mitotic Xenopus extracts that were supplemented .with 1 mfvUof 
N-terminal human cyclin B peptides cpntajhij^eith^a ? miJtated 
(contr) or the wild-type version (inn) of the destruction. box and 
subsequently used for activation of separin immunoprecipitates (see 
below). Samples were taken at. the beginning (0 min) and the end 
(60 min) of the period during whichimmunoprecipitates were incu- ? 
bated in trie-extracts and analyzed by SDS-PAGE and phosphor- 
imaging. Cyclin B proteolysis is blocked by wild-type but not by 

/mutant peptides., ..^.j^ 

(B) Separin 'kmnmpi^^lta^ffii^^pj from e*xYrict^f rio|o- * 
dazole-arrested HeLa cells were either left untreated or incubatec" 
in mitotic Xenopus extracts containing peptides as described in (A) 
and subsequently washed and analyzed by immunoblotting with 
separin and securin antibodies. 

(C) Separin immunoprecipitates obtained as in (B) were incubated 
with purified cohesin complexes. Samples were taken at different 
time points and analyzed by immunoblotting with myc antibodies. 
The slowest migrating band represents SCC1-myc. SCC1-myc 
cleavage products are marked by arrows. 

time a 55 kDa band appeared and a 60 kDa band in- 
creased in its abundance, suggesting that separin is 
partially cleaved in the mitotic Xenopus extract (Figure 
6A, open arrowheads). The formation of these cleavage 
products was reduced in Xenopus interphase extracts. 
The activation of separin in mitotic extracts therefore 
coincides with at least two reactions, proteolysis of sep- 



arin-associated securin and cleavage of full length sep- 
arin at at least two distinct sites. 

S parin Is CI aved in Anaphase In vivo 
To address if the cleavage of separin in mitotic Xenopus 
extracts is physiologically relevant, we analyzed th be- 
havior of separin in vivo. Immunoblot experiments re- 
vealed that the majority of separin is degraded as HeLa 
cells progress through mitosis and that separin levels 
remain low in G1 (Figure 2B). Separin remained stable, 
however, when cells entered mitosis in the presence of 
nocodazole, i.e., upon activation of the spindle assembly 
checkpoint (Figure 3A). When cells exited mitosis after 
being released from the nocodazole arrest, separin lev- 
els began to decrease at the same time as securin and 
cyclin B degradation occurred (Figure 3B), indicating 
that separin degradation is initiated in anaphase. The 
C-terminal monoclonal separin antibodies used in these 
experiments also detected 60 and 55 kDa bands that 
specifically appeared when full length separin began to 

- disappear (Figure 3B)^ demonstrating that separin is also 
cleaved at at least two sites in anaphase in vivo. The 
C-terminal separin fragments were hot detected in ex- 
tracts from nocodazple-arrested cells (Figure 3A). The 
appearance of the separin cleavage products in ana- 
phase and their disappearance in G1 therefore resem- 
bles the behavior of SCC1 cleavage products, sug- 

- gesting that SCC1 and separin cleavage are coregulated 
and may be mediated by the same pathway. 

Discussion 

To initiate anaphase, eukaryotic cells have to dissolve 
the cohesion that holds sister chromatids together. In 
budding yeast, this event depends on cleavage and sub- 
sequent removal of cohesin complexes from chromatin 
by the APC-separin pathway (Uhlmann et al., 1999). The 
APC and therefore, possibly also separin are believed 
to initiate anaphase also in animal cells, but how they do 
so has remained unclear. This uncertainty stems largely 
from Jhe observation that in vertebrate cells, cohesins 
dissociate from chromosomes already in prophase, i.e., 
long before sisters separate and before the APC-separin 
pathway is thought to become active (Losada et al., 
1998; Darwiche et al., 19.99; Sumara et al., 2000). Our 
, -results : .suggest .^rjnodel that is able to explain, this co- 
nundrum. In this model, we propose that two distinct 
pathways regulate, the association of cohesins with 
chromosome arms in prophase and with centromeres 
at the metaphase-anaphase transition (Figure 8). 

A Two-Step Model for the Mitotic Dissociation 
of Cohesins from Chromosomes 
The mechanism by which vertebrate cohesins are re- 
moved from chromosomes in prophase is still unknown, 
but we found that this pathway dissociates cohesins 
without detectable SCC1 cleavage (Figure 3) and does 
not require APC activity (Sumara et al., 2000). These 
observations suggest that separin is not involved in the 
prophase pathway, explaining why the bulk of cohesins 
is not degraded during mitosis in vertebrate cells (Figure 
2). The solubilization of cohesins at this early stage of 
mitosis correlates with chromosome condensation and 
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Figure 8. A Model Illustrating How the Association of Vertebrate 
Cohesin Complexes with Chromosomes Is Regulated in Mitosis 
Cohesin complexes are illustrated as black dots and cleaved com- 
plexes as split dots. 



the visible appearance of discrete sister chromatid arms 
(Sumner, 1991) and may in fact be^Teo^irjeOToT these 
processes. This hypothesis could explain why the pro- 
phase pathway is largely or entirely absent in budding 
yeast, where only little mitotic chromosome condensa- 
tion occurs (Guacci et al., 1994). The prophase pathway 
removes presumably most, if not all cohesin from chro- 
mosome arms but, importantly, it spares SCC1 at cen- 
tromeric regions (Figure 1), where it may be required to 
hold sister chromatids together (see below). 

Our results show that, at the onset of anaphase, a 
second pathway is activated which cleaves the SCC1 
subunit of cohesin complexes at two distinct sites (Fig- 
ure 2). This pathway depends on entry into anaphase 
in vivo (Figure 3) and on the APC and separin in vitro 
(Figure 5), indicating that it corresponds to the APC- 
Esp1 p pathway that controls the initiation of anaphase 
in budding yeast (Uhlmann et a!., 1 999). Several observa- 
tions suggest that this pathway preferentially cleaves, 
and thereby solubilizes, cohesin^offiplexes that are 
bound to chromosomes: ?irst,^SCC1^sfaining disap- 
pears from centromeres between metaphase and ana- 
phase:(Figure 1), i.e., at the time when SCC1 cleavage 
is initiated (Figure 2 and^Second, in mitotic Xehopus 
extracts, SCC1 -myc in chromosome fractions Is cleaved 
more^efficiently than soluble SCC1-myc (Figure 4C). 
Thfr^,lmosl_cphesin .is not degraded ilSSffrfrfglptMis- iff 
vivo (Figure 2), suggesting that soluble, cohesin com- 
plexes are not efficiently recognized by the APC-separin 
pathway. These observations together suggest that 
APC- and separin-dependent cleavage of SCC1 re- 
moves cohesin complexes from centromeres. 

Does SCC1 Cleavage Initiate Anaphase? 
SCC1 disappears from centromeres when sisters sepa- 
rate (Figure 1) and immunodepletion experiments in 
Xenopus have shown that cohesins are required for 
proper sister chromatid cohesion not only in yeast but 
also in vertebrates (Losada et al., 1 998; E. Vorlaufer and 
J.-M. P., unpublished data). The simplest explanation 
of these observations is that the association of cohesins 
with centromeres is required to connect sisters until 
metaphase, and that SCC1 cleavage liberates sisters 
for poleward movement in anaphase. To test this hy- . 



pothesis, it will in the future be important to analyze the 
effects of noncleavable SCC1 mutants and of separin 
inhibition in vertebrate cells. Despite these open ques- 
tions, our hypothesis offers a simple explanation for 
numerous cytologic observations which suggest that 
arm and centromere cohesion are regulated differently, 
riot only during meiosis, where arm cohesion is lost in 
anaphase I and centromere cohesion in anaphase II, but 
also in mitosis (revjewed in Rieder and Cole, 1999). The 
best known example that supports this hypothesis is 
the behavior of chromosomes in many plant and animal 
cells in which the spindle assembly checkpoint has been 
activated by treatment with microtubule poisons. Under 
these conditions, many cells arrest in mitosis with chro- 
mosomes whose arms have separated but whose cen- 
tromeres are still connected, yielding the typical X or V 
shape seen in karyotypic analyses. The spindle assem- 
bly checkpoint is believed to cause this state by inhib- 
iting the ability of the APC to initiate anaphase (reviewed 
by Amon, 1999). Jimilar chromosomal configurations 
are seen wh"eri%e anaphase regulators CDC20/Fizzy, 
Pimples, or Three-rows are mutated in Drosbphila (Sig- 
rist et al., 1 995; Stratmann and Lehner, 1 996). Our results 
suggest that under all these conditions, centromeric 
cohesion is maintained because SCC1 cannot be cleaved 
and because cohesin complexes can therefore not be 
removed from centromeres. In contrast, the prophase 
pathway that solubilizes cohesin complexes without 
SCC1 cleavage would be activated normally under these 
conditions, explaining why arm cohesion is lost. 

Regulation of Arm versus Centromere Cohesion 
Our observation that SCC1 is regulated differently at 
chromosome arms and centromeres raises important 
questions about how the prophase and the anaphase 
pathway are able to distinguish between cohesin com- 
plexes at these two locations. We have recently discov- 
ered that human cells contain two distinct cohesin com- 
plexes differing slightly in their subunit composition, but 
cytologic experiments suggest that the bulk of both of 
these complexes dissociates from chromatin in pro- 
phase (Sumara et al., 2000). There is therefore presently 
no indication that cohesin complexes located on arms 
and at centromeres differ in their subunit composition. 
Instead f>4 specializecl centromeric proteins may protect 
cehtrbmeric^cohesin complexes from solubilization by 
the prophase pathway. For example, the Drosophita pro- 
tein MEI-S332 has been discussed as a candidate for a 
protein that protects centromeric cohesion {Tang et al., 
1 998; Rieder and Cole, 1 999). 

There also has to exist a mechanism that restricts 
SCC1 cleavage at the onset of anaphase to cohesin 
complexes on chromosomes, leaving SCC1 in the bulk 
of soluble complexes uncleaved. This is not achieved by 
restricting the localization of separin to chromosomes 
because biochemical and cytologic experiments indi- 
cate that human separin is largely soluble (I. C. W. and 
J.-M. P., unpublished data). However, other coactivators 
of SCC1 cleavage could be specifically present at cen- 
tromeres. For example, several protein kinases have 
been localized to kinetochore/centromere regions (re- 
viewed by Pidoux and Allshire, 2000), raising the possi- 
bility that such enzymes may help to render centromeric 
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SCC1 cleavage competent. Alternatively, it is possible 
that the solubilization of cohesins in prophase requires 
a modification or a conformational change that at the 
same time protects these soluble complexes from rec- 
ognition by the separin-dependent cleavage pathway. 

Is Separin a Protease and How Is It Regulated? 
The discovery that SCC1 is cleaved in a separin-depen- 
dent manner in both budding yeast (Uhlmann et al., 
1999) and in humans (this study) begs the question as 
to whether separin is a protease or is an activator of 
such an enzyme. The simplest interpretation of our ob- 
servation that separin immunoprecipitates are sufficient 
to cleave the SCC1 subunit of purified cohesin com- 
plexes (Figure 6) is that separin itself is the SCC1 prote- 
ase, although we cannot yet exclude the possibility that 
a minor protease not detectable by Coomassie staining 
is present in our immunoprecipitates, or that separin 
functions as an activator of a protease associated with 
cohesin. Biochemical experiments by Uhlmann et al 
(2000 [this issue of Celf]) indicate tnatthe budding~yeast 
sepann Esp1 p is a protease. Furthermore, the C-termi- 
nal domain of Espjp which is highly conserved among 
sepanns from different species contains distant similar- 
ity to the catalytic site of cysteine endopeptidases of 
the CD family, and mutational analysis of this region 
has confirmed the importance of this region for Esplp 
activity (Uhlmann et al., 2000 [this issue of Ce//J). Separin 
therefore appears to be a protease. 

If separin triggers anaphase, it is obvious that its activ- 
ity has to be tightly regulated. In both budding and fis- 
sion yeast, securin destruction seems to be required for 
separin activation (Cohen-Fix et al., 1996; Funabiki et 
al., 1996a, Funabiki et al., 1996b; Ciosk et al., 1998* 
Uhlmann et al., 1999). However, additional mechanisms 
must exist, because in budding yeast, the deletion of 
Pds1 p does not change the timing of anaphase (Alexan- 
dru et al., 1999). Our experiments suggest that at least 
two reactions occur when separin is activated: „securin 
dissociates from separin, presumably^uelbrtRpmedi- 
ated proteolysis (Zou et al., 1999), and separin ispartially 
cleaved, resulting in the formation of two distinct C-ter- 
minal fragments (Figures 3B ancjjSA). Because securin 
has been shown to block anaphase WXen&us extracts 
in vitro (Zou et al., 1999), it is likely that securin proteoly- 
sis- is required^for. separin activation. ItJs less.clearHf 
separin cleavage is als^ required fofsepaHh activaiionf 
or. if this reaction inactivates the enzyme. Intriguingly ~ 
sepanns belong to the same class of cysteine endopep- 
tidases as caspases (Uhlmann et al., 2000 [this issue of 
Ce//D, apoptotic proteases whose activities are known 
to be regulated by at least two mechnisms. Proteolytic 
cleavage is required for caspase activation, whereas the 
binding of inhibitor of apoptosis proteins (lAPs) inhibits 
cleavage (reviewed by Salvesen and Dixit, 1999). It is 
therefore attractive to speculate that securin proteolysis 
may enable separin cleavage, perhaps in an autocata- 
lytic reaction, resulting in its activation. However, it is 
equally plausible that cleavage is a serf-limiting mecha- 
nism that inactivates separin. Such an inactivation 
mechanism may be required to allow the rebinding of 
cohesin complexes to chromatin already in telophase. 
This hypothesis could xplain why in vertebratescohe- 



sins rebind toxhromatin already at the end of mitosis, 
whereas in budding yeast, where no Esplp cleavage 
has yet been observed, separin remains active through- 
out G1, thus preventing the accumulation of cohesin 
complexes on chromatin until the G1-S transition (Uhl- 
mann and Nasmyth, 1998). 

Is Separin a Universal "Chromatid Separase" 
in All Eukaryotes? 

In the accompanying article, Buonomo et al. (2000 [this 
issue of Ce/fl) show that Esp1 p controls meiosis in bud- 
ding yeast by cleaving Rec8p, a cohesin that replaces 
Scc1p/Mcd1p in meiotic cells. In fission yeast, a non- 
cleavable version of the SCC1 ortholog Rad21p has 
recently also been found to block mitotic sister separa- 
tion (Tomonaga et al., 2000). Our and these results to- 
gether suggest that separin functions as a sister chro- 
matid separase in all eukaryotes, an enzyme whose 
existence has been discussed by cytologists for 27 
years already (pstergren and Andersson, 1 973; Sumner, 
tv -.1 992). To illustrate this function and the proteolytic activ- 
ity of separin, and to distinguish its name better from its 
binding partner securin, we propose to call this enzyme 
separase in the future. 

Experimental Procedures 
cDNAs and Antibodies 

The human separin cDNA KIAA0165 (Nagase et ai, 1996) and a 
human securin expression plasmid were kindly provided by Kazusa 
DNA Research Institute, Japan and Michael Gmachl, Vienna, respec- 
tively. Murine SCC1 was amplified from a Swiss 3T3 cell cDNA library 
by polymerase chain reactions. 

Mouse monoclonal (7A6) and rabbit polyclonal separin antibodies 
were raised against a recombinant C-termfna! fragment of human 
sepann expressed in E. colL Polyclonal mouse and rabbit antibodies 
were raised against full-length recombinant human securin. Poly- 
clonal antibodies were raised against the C terminus (YSDIIATPGP 
RFH) or against the N terminus of human SCC1 (FHDFDQPLPDLDDI 
DVAQQFSLNQSRVEEC). Either mouse monoclonal (9E10) or rabbit 
polyclonal (Gramsch Laboratories, Schwabhausen, Germany) myc- 
eprtope antibodies were used. All antibodies were affinity purified 
• All other antibodies have been described (Kramer et al., 2000- Su- 
maraet al.i 2000).T> ., . 

- Cells, Cell Culture, and Synchronization 

- ^ForthegenerationofaHeLacelllinestablyexpressingSCCI murine 
SCC1 was C-terminally tagged with 9 myc-epitopes and inserted 
_ into PHTet-Hygro jpUHD1(W; Gossen and Bujard, 1992, with the 
<hygromycm resistance gene from pBabe Hy^ro; Morgenstem and 
Land, 1990). The resulting plasmid was transfected into HeLa Tet- 
off cells by electroporation. Selection with 200 hygromycin 
B was started after 37 hr. After 2 weeks, cell lines arising from 
single cells were picked and tested for SCC1-myc expression by 
immunofluorescence microscopy. SCC1-myc expressing cells were 
further subcloned and cultured in the presence of 200 ag/ml hygro- 
mycin B. /y 

HeLa cells were synchronized by a thymidine block as described 
(Kramer et aJ., 2000) and released into medium with or without 330 
nM nocodazole. 

For nocodazole release experiments, logarithmically proliferating 
HeLa cells were first grown to about 60% confluency prior to addi- 
tion of 330 nM nocodazole for 18 hr. Subsequently, cells were 
washed twice with PBS and seeded Into fresh medium. Synchroniza- 
tion and cell cycle state were examined by propldiumlodide staining 
and FACS analysis. 

Immunofluorescence Microscopy 

Cells were grown on glass coverslips, washed with PBS, extracted 
in 0.1 % Triton X-1 00 in PBS for 3 mln, washed with PBS. and fixed 
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in 4% paraformaldehyde/PBS for 15 min. Subsequently, ceils were 
washed with PBS, Incubated In 50 mM NH 4 CI/PBS for 5 mln, washed 
with PBS, and Incubated in 0.1 % Triton X-1 00/PBS for 5 mln followed 
by one further wash wfth PBS. Cells were Incubated In 3% BSA/PBS 
for 2 hr prior to incubation with rabbit anti-myc antibody followed by 
Alexa Fluor 568-Jabeled goat anti-rabbit IgG antibody (Molecular 
Probes, Eugene, OR), human CREST serum (kind gift from Georg 
Krohne, WQrzburg), and Alexa Fluor 488-labeIed goat anti-human 
IgG (Molecular Probes, Eugene, OR). All antibody incubations were 
performed for one hour in blocking buffer, and cells were washed 
three times in PBS between different incubations. DNA was counter- 
stained with DAPI (Roche Diagnostics, Mannheim, Germany). Cov- 
erslips were mounted in Slow Fade Light (Molecular Probes) and 
examined with a Zeiss Axioplan microscope fitted with appropriate 
fluorescence filters and equipped with a CCD-camera (Princeton 
Instruments Inc., Tucson, AZ). The capture time for Alexa Fluor 
568 was standardized to 3 s with a 100x objective. Images were 
processed using MetaMorph Software (Universal Imaging Corp., 
West Chester, PA). 

Cell Extracts and Fractionation 

Xenopus egg extracts were obtained as described (Voriaufer and 
Peters,^ 1998). For the generation of mitotic extracts, interphase 
extracts were preincubated r for 30.n*£at room J tejn&ej^kire:With a 
A90 fragment of sea urchin cyclin B (Murray et al., 1989)." Extracts 
from HeLa celjs containing 6-10 mg/ml protein were prepared in 
immunoprecipitation (IP) buffer (20 mM Tris [pH 7.7], 100 mM NaCI, 
20 mM ^-glycerophosphate, 5 mM MgCI 2 , 1 mM NaF, 0.1 % Triton 
X-1 00, 10% glycerol, 1 mM DTT, and protease inhibitors peupeptin, 
chymostatin, and pepstatin at a concentration of 10 pg/ml]). Cells 
were lysed for 20 min on ice by using a glass-teflon potter. To obtain 
crude chromatin and soluble protein fractions, total HeLa extracts 
were centrifuged 5 to 10 min at 4°C at 13, 000 rpm using a table 
top centrifuge. For sedimentation analysis, 1 00,000 x g supernatant 
of HeLa SCC1-myc cells containing 1.4 mg of protein was centri- 
fuged for 18 hr at 30,000 rpm and 4°C through a 5%-20% sucrose 
gradient (in IP-buffer containing 5% glycerol) using a SW40 rotor 
(Beckman). 

SCCl-myc Cleavage in Xenopus Extracts 
Extracts from nocodazole-arrested HeLa SCCl-myc cells con- 
taining 250 pg of protein were centrifuged in a taple top centrifuge 
for 5 min at 13,000 rpm and 4°C. Either the chromatin-containing 
pellet resuspended in 5 pi XB (20 mM HEPES [pH 7.7], 100 mM KCI, 
1 mM MgCI 2 , and 0.1 mM CaClj) plus 0.005% TritotfX-100, or 12.5 
pi of the supernatant was mixed with* 25riil;interphase£or mitotic 
Xenopus extract and incubated at room temperature^ Aliquots of 4 
pi were taken at different time points and analyzed by SDS-PAGE 
and immunoblotting. To immunodeplete ARC and separin, Affi-Prep 
Protein A beads (Bio-Rad, Hercules, ; CA) were loaded 1 with affinity- 
purified polyclonal CDC27 or separin antibodies (1-2 pgTaritibodies/ 
pi beads). Cell extracts were depleted fori hr on ice using an extract 
Mo bead ratifrof l^tp^.^.^,^^^^,^^ 

SCC1 Cleavage Using Separin. Immunoprecipitates . -* ? %if^ 
Cohesins were immunopurified from nocodazole-arrested HeLa 
SCCl-myc cells as described (Sumara et al., 2000). Separin was 
immunoprecipitated from low speed supernatant of nocodazole- 
arrested HeLa cells using Affi-Prep protein A beads to which 1 .5 pg 
antibodies/pi beads had been coupled (100 pi beads were used 
for extract containing 20 mg protein). For Coomassie staining and 
immunoblot analyses of the immunoprecipitates, 50 pi beads were 
washed with TBS-TX (TBS plus 0.5 mM DTT, 500 mM NaCI, and 
0.5% Tween 20), 45 pi were used for Coomassie staining and 5 pi 
for immunoblotting. For SCCl-myc cleavage assays, the immuno- 
precipitates were washed several times with XB supplemented with 
0.5 mM DTT and 0.1% Triton X-1 00 (the detergent was omitted In 
the last two washes). Subsequently, the immunoprecipitates were 
incubated with 6 volumes of buffer (1 hr on ice), or Interphase or 
mitotic Xenopus extracts (1 hr at room temperature) and then 
washed either 4 times in XB plus 0.5 mM DTT. or 6 times in TBS- 
TX. Subsequently, 25 pi beads were incubated with 30 pi cohesin 
mixture (14 p» purified cohesin diluted in XB containing 10 mM 



MgClfc 1 mM EGTA, and 1 mM ATP) In a thermombcer at 22°C and 
1,200 rpm. At different time points, 6 pi aliquots were taken and 
analyzed by immunoblotting. In some experiments, APC activity in 
the mitotic Xenopus extracts was inhibited by addition of 1 mM of 
N-terminal human cyclin B peptides comprising either the wild-type 
or a mutated version of the destruction box (kind gift of E. Kramer, 
Vienna). 
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Title: inhibitors of separin, method for identifying them and uses 

The invention relates to compounds influencing mitosis and meiosis in 
eukaryotic cells and methods for identifying such compounds. In particular, 
the invention largely relates to the treatment and prevention of human 
5 conditions by modulating sister chromatid segregation. 

During the process of cell division, sister chromatids are pulled to opposite 
halves of the cell by microtubules emanating from spindle poles at opposite 
sides of the cell. One set of microtubules inter-digitates with others 
emanating from the opposite pole. Their role is to keep (and drive) the two 

10 poles apart. Meanwhile, a second set of microtubules attaches to 

chromosomes via specialized structures called kinetochores and pulls them 
towards the poles. Sister chromatids segregate away from each other 
because their kinetochores attach to microtubules emanating from opposite 
poles (Rieder et al., 1998). Chromosomes are not mere passengers during 

15 this process. During metaphase, the tendency of microtubules to move 
sisters apart Is counteracted by cohesion holding sisters together. 
Cohesion therefore generates the tension by which cells align sister 
chromatids on the metaphase plate. Were sisters to separate before 
spindle formation, it is difficult to imagine how cells could distinguish sisters 

2 0 from chromatids that were merely homologous. The sudden loss of 

cohesion, rather than an increase in the exertion of microtubules, Is thought 
to trigger sister separation during anaphase (Miyazaki et al., 1994). 
Cohesion also prevents chromosomes falling apart due to double strand 
breaks and facilitates their repair using recombination. 

2 5 To avoid missegregation of chromosomes, anaphase must only be initiated 
after sister chromatids of each duplicated chromosome have attached to 
opposite poles of the mitotic spindle. Microtubules are thought to "find" 
kinetochores by a "search and capture" mechanism which cannot be 
/completed simultaneously for all chromosomes (Hayden et al., 1990; 

30 i Merdes and De Mey, 1990). Cells therefore possess regulatory 
mechanisms that delay sister chromatid separation until the last 
chromosome has achieved bipolar attachment. The dissolution of sister 
chromatid cohesion at the metaphase to anaphase transition is therefore a 
highly regulated step during the eukaryotic cell cycle. 
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Sister chromatid cohesion depends on a multi-subunit complex called 
cohesin (Losoda et al., 1998), which contains at least four subunits: 
Smdp, Smc3p, Scdp, and Scc3p, all of which are conserved between 
yeast and humans. It is likely, but not yet proven, that cohesin is a key 
5 constituent of the tether that holds sister chromatids together. The 

association between cohesin and chromosomes has recently been shown 
to depend on the Scc2 (Mis4) protein. Cohesion is established during DNA 
replication (Uhlmann and Nasmyth, 1998). It has been recently shown that 
the Eco1 (Ctf7) protein is required for the establishment of cohesion during 

10 S phase but unlike cohesin is not required to maintain cohesion during G2 
and M phases. In yeast, cohesin remains tightly associated with 
chromosomes until metaphase; that is, it is present on chromosomes 
during their alignment during metaphase. In animal cells, however, the bulk 
of cohesin dissociates from chromosomes during prophase (Losada et al., 

15 1 998). It is unclear how much cohesin, if any, remains on chromosomes 
during metaphase. The nature of the link that holds sister chromatids 
together during metaphase in animal cells is therefore unclear. It could 
either involve a small fraction of cohesin that remains associated with 
chromosomes or some other protein complex. 

20 In yeast, at least two of cohesin's subunits, Scc1 p and Scc3p, suddenly 
disappear from chromosomes at precisely the point at which sister 
chromatids separate (Michaelis et al., 1997). This has led to the notion that 
a sudden change in the state of cohesin might trigger the onset of 
anaphase, at least in yeast. In Drosophila. the meiS332 protein, which 

2 5 binds to chromosomes during prometaphase, also disappears at the onset 

of anaphase. MeiS332 is required for sister chromatid cohesion during 
meiosis but not during mitosis (Moore et al., 1998; Kerrebrock et al., 1995). 
MeiS332 is probably not a cohesin subunit nor Is it apparent whether 
homologous proteins exist in humans. 

3 o Both the dissociation of Scc1 p from chromosomes and the separation of 

sister chromatids are dependent on a specialized sister separating protein 
(a separin) called Esp1 p (Ciosk et al., 1 998). Separins homologous to Esp1 
exist in the fission yeast Schizosaccharomyces pombe, In the fungus 
Aspergillus riidulans, in the nematode worm Caenorhabditis elegans, the 
3 5 fruit fly Drosophila melanogaster, in the frog Xenopus laevis, in the plant 
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Arabidopsis thaliana, and in man. This strongly suggests thatseparins 
have a fundamental role In chromosome segregation that is conserved 
between plants, fungi, and animals. Esp1 is tightly bound by an Inhibitory 
protein called Pds1 p whose destruction shortly before the metaphase to 
5 anaphase transition is triggered by ubiquitination mediated by the 

anaphase promoting complex (APC) (Cohen-Fix et al., 1996). The APC is 
large multi-subunit complex, most of whose subunits are conserved 
between yeast and humans. Together with activator proteins called Cdc20p 
and Cdhlp, It mediates the ubiquitination and thereby destruction of many 
10 different cell cycle proteins, including anaphase inhibitors like Pds1 and 
mitotic cyclins. Pds1 destruction is mediated by a form of the APC bound 

by the activator Cdc20. This form is called APC Cdc2 °. (For a review, see 
Peters, 1 998) 

Proteins with similar properties to Pds1 have been found in fission yeast 
15 (Cut2p), in Xenopus, and in humans (Funabiki et a!., 1996; Zou et a!., 

1999). The APC is essential for sister chromatid separation ill most if not all 
eukaryotic organisms. In yeast, it is clear that its main role in promoting 
sister separation is to destroy Pds1, which liberates Esp1 and allows it to 
destroy sister chromatid cohesion, possibly by destroying the physical links 

2 0 between sisters mediated by cohesin. 

It was an object of the invention to further eluciate the mechanism of sister 
chromatid separation. 

In particular, it was an object of the invention to understand the mechanism 
by which Esp1 p mediates the dissocation of Scc1 p from chromosomes In 
25 the budding yeast in order to take advantage of this mechanism by using it 
as a target in human therapy, in particular of cancer therapy, and as a 
target in all other situations where modulation of sister chromatid 
separation is therapeutically or otherwise beneficial. 

To solve the problem underlying the present invention, the following 

3 0 approach was taken: 

The observation that the dissociation of Scclp from chromosomes at the 
onset of anaphase is dependent on Esp1 suggested that Esp1 might either 
have a direct role in this process or that Esp1 might be indirectly involved 
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by initiating a process that leads to Scclp's dissociation. It was found in 
experiments of the present invention that Esp1 also prevents association of 
Scdp with chromosomes during G1 (see Example 1 ) f which strongly 
suggests that EspVs role might be very direct Scdp is an unstable protein 
5 which is rapidly destroyed following its dissociation from chromosomes at 
the onset of anaphase and which must be re-synthesised during late G1 
during the next cell cycle in order for cohesion to be established at the next 
round of DNA replication (Michaelis et al., 1 997) It was found that Scc1 p 
synthesised during G2 is also capable of binding to yeast chromosomes 

10 but that it fails to produce cohesion under these circumstances (Uhlmann 
and Nasmyth, 1998). However, it was noted that Scdp synthesised during 
early. G1 binds to chromosomes poorly, if at all. As shown in Figure 1 , 
iriactivation of Esp1 permits the efficient association between Scdp and 
chromosomes during early G1 . The implication is that Esp1 not only 

1 5 triggers Scc1 p's dissocation from chromosomes at the onset of anaphase 
but also prevents Scdp's stable association with chromosomeslduring the 
subsequent G1 period. This strongly suggests that Esp1 has a fairly direct 
role in controlling the association between Scdp and chromosomes. 

Starting from this finding, an assay was established by which Esp1 activity 

2 0 could be measured in vitro. A crude preparation of yeast chromatin isolated 

from cells arrested in a metaphase-like state by nocodazole, was incubated 
with a soluble extract prepared from cells over-producing Esp1 from the 
GAL promoter (Figure 2). To detect Scdp, cells were used whose Sect 
protein was tagged at its C-terrninus with multiple HA or Myc epitopes, 
25 which can readily be detected with monoclonal antibodies. About 70% of 
the total Scdp In nocodazole. blocked cells is tightly associated with 
chromatin and is therefore present in the chromatin fraction that was used. 
Most of the Scd p remains tightly associated with chromatin following 
Jncubation with an extract prepared from esp1-1 mutant cells but most 

3 o disappears from the chromatin fraction upon incubation with extracts 

containing high levels of wild type Esp1 protein. Somewhat surprisingly, the 
Scclp protein induced to dissociate from chromatin by Esp1 appeared in 
the "soluble" supernatant fraction as a cleaved product. The C-terminal 
fragments of this cleavage were detected by using as a substrate a C- 
3 5 terminally tagged Sect protein and N-terminal fragments using as substrate 
an N-terminally tagged Scd protein. The sizes of these cleavage products 
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suggested that Esp1 Induces one or more specific cleavages of Scc1 p 
within a 1 0 kd interval. This Esp1 -dependent cleavage was inhibited by the 
addition of reticulate lysate that had translated Pds1 but not by an 
otherwise identical lysate that had translated an unrelated control protein. 
5 The Esp1 activity detected by the cleavage assay is therefore inhibited by 
Pds1, which demonstrates directly, for the first time, that Pds1 is indeed an 
inhibitor of Esp1 p. 

To address whether Esp1 induced cleavage of Scc1 p also occurs in vivo at 
the onset of anaphase, a yeast strain was constructed in which expression 

10 of the APC activator Cdc20p is under control of the galactose inducible 

GAL1-10 promoter. The strain also expressed an Scc1 protein tagged at its 
- C-terminus with multiple HA or myc epitopes. Cells from this strain were 
arrested in metaphase by incubation in galactose free medium and then 
induced to embark on anaphase highly synchronously by the addition of 

15 galactose. Figure 3 shows that sister fchromatids separate in most cells 
within 15 minutes and that Scdp dissociates from chromosomes with 
similar if not identical kinetics. A low level of an Scc1 cleavage product was 
detected that is identical to that seen In vitro in cycling cells but none In 
cells arrested in metaphase. The cleavage product suddenly appeared 

2 0 upon induction with galactose with kinetics that were similar if not identical 
to the separation of sister chromatids and dissocation of Scc1 p from 
chromosomes. To establish whether this in vivo cleavage was dependent 
on Esp1 activity the extent of Scclp cleavage in wild type and esp1-1 
mutants when released from cdc20 arrest at 35.5°C was compared (the 

2 5 restrictive temperature for espl -1 ). The extent of Scd p cleavage was 

greatly reduced in the esp1-1 mutant. It was concluded thatEspl promotes 
the cleavage of Scdp and its dissociation from chromosomes both in vivo 
and in vitro. 

To address whether cleavage of Scc1 mediated by Esp1 Is important either 

3 o j for sister chromatid separation or for Scc1 p's dissociation from 

i chromosomes, the cleavage site was mapped in order that it could then be 
mutated. An epitope tagged Scdp protein from cells that had been 
stimulated to undergo anaphase by induction of Cdc20 expression was 
immunoprecipiated and the immunoprecipitated proteins were separated 
35 on SDS page. A short stretch of N-terminal amino acid sequence from the 
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C-terminal cleavage fragment was then determined by Edman degradation. 
This showed that cleavage in vivo had occured between a pair of arginines 
at positions 268 and 269. The N-terminal of these arginine residues was 
then mutated to aspartic acid and an HA tagged version then was 
5 expressed from the GAL1-10 promoter in yeast cells whose endogenous 
Scc1 protein was myc tagged. Galactose induced expression of this single 
mutant protein had little effect on cell proliferation. To establish whether the 
mutation had indeed abolished cleavage, chromatin from cells expressing 
the mutant protein was isolated and used as a substrate in the Esp1 assay. 

10 This showed that cleavage at site 268 was indeed eliminated by the 

aspartic acid mutation. However, the mutated protein was still cleaved in an 
. Esp1 -dependent manner. ThejC-terminal cleavage product from the mutant 
protein was about 10 kDa longer than that from wild type. The Interpretation 
of these results is thatScd p is actually cleaved at two sites approximately 

15 10 kDa apart. Cleavage at the more C-terminal site is highly efficient, which 
is why C-terminal tagged proteins cleaved only at the more N-terminal site 
were rarely detected. 

To identify the second cleavage site, sequences within Scdp which are 
similar in sequence to those surrounding the known C-terminal cleavage 

2 0 site were looked for. A 5 out of 7 amino acid match at position 1 80 found. 
Furthermore, the distance between this potential site and the known 
cleavage site is consistent with the greater length of the cleavage product 
generated in vitro from protein whose C-terminal site (R268) had been 
mutated. The matching sequence also contained a pair of arginines and 

25 therefore the more N-terminal argjnine was mutated to aspartic acid. Next 
the effect of expressing HA tagged versions of wild type Scc1 p, both single 
mutant proteins, and the double mutant protein from the GAL1 promoter in 
yeast was compared. As a host for these studies a strain was used whose 
endogenous Scc1 p was myc tagged. Neither wild type nor either single 

30 mutant blocked cell proliferation but expression of the double mutant 
protein was lethal. Chromatin from cells transiently expressing these 
proteins was prepared and it was shown that HA tagged double mutant 
protein was no longer cleaved when incubated in Esp1 -containing extracts 
while the myc tagged wild type protein was efficiently cleaved. 
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To investigate why cells expressing a non-cleavable Scd p protein (the 
R180D R268D double mutant) cannot proliferate, centrifugal elutriation was 
used to isolate G1 cells from a culture growing in the absence of galactose 
, which were then incubated in the presence and absence of galactose 
5 (Fig. 4). In order to minimize the duration of mutant protein expression, the 
cells grown in the presence of galactose were transferred to glucose 
containing medium after most cells had replicated their DNA (at 135 min). 
In the absence of galactose, sister separation and dissociation from 
chromosomes of endogenous myc tagged Scclp occured simultaneously, 

10 approximately 60 min after DNA replication. .Transient expression of double 
mutant protein greatly reduced sister chromatid separation (Fig. 4b) but did 
'-,.„ not affect dissociation of endogenous myc tagged wild type protein (Fig. 4c 
and d). Furthermore, the mutant protein remained tightly associated with " 
chromosomes long after the endogenous wijd type protein had 

15 disappeared." Expression of the mutant protein did not greatly .delay cell 

cycle progression and most cells underwent cytokinesis, producing progeny 
with iow (0-0.5C) amounts of DNA and cells with less than a 2C DNA 
content (Fig. 4a). The dissociation from chromosomes of wild type protein 
on schedule shows that the lack of sister separation in cells expressing 

2 0 non-cleavable Scc1 p is not due to a lack of Esp1 activity. Collectively, the 
data obtained imply that cleavage of Scdp at one of two sites is necessary 
both for sister chromatid separation and for dissociation of Scdp from 
chromosomes. 

From the obtained results it can be concluded that cohesin directly 

2 5 mediates the link between;sister chromatids that is established during DNA 

replication and is maintained until metaphase. It can be further concluded 
that Espl's activation by proteolysis of Pds1 (and by as yet to be identified 
other mechanisms) generates an activity inside cells that cleaves the 
Scdp subunit of cohesin and that this event both destroys sister chromatid 

3 0 cohesion and causes Scclp and possibly other cohesin subunits to 

dissociate from chromosomes. 

From the above results it is clear that sister chromatid separation depends 
on cleavage of chromosome-bound Serf, by an Esp1 -dependent proteolytic 
activity that appears in cells at the onset of anaphase. It was next asked 
3 5 whether Scd as an isolated protein (rather than In the chromosomal 
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context) can also serve as a substrate for the Esp1 -dependent cleavage 
reaction. Fig. 5 describes the purification of recombinant Scc1 after over- 
expression in insect cells infected with a recombinant baculovirus. Scc1 
was purified either from an asynchronously growing population of infected 
5 insect cells (Fig. 5a, lanes 1-4) or from infected insect cells that had been 
treated with the phosphatase inhibitor okadaic acid. Treatment with okadaic 
acid induces a metaphase-like state within the insect cells as a 
consequence of which Scc1 is obtained in a mitotically phosphorylated 
form (Fig. 5a, lane 5). Scc1 in yeast appears also phosphorylated in a 

10 mitosis specific manner. These Scd fractions, that were more than 90% 
pure as judged by SDS-PAGE followed by staining of the gel with 

=_ : ; Coomassie brilliant blue, were then used in the Scc1 cleavage assay as :-~ 

described above (Fig. 5b). Both unphosphorylated and phosphorylated 
purified Scc1 were cleaved in an Esp1-dependent manner in vitro, 

15 however, the efficiency of cleavage was much greater when Scc1 was in 
the mitotically phosphorylated state. From this experihieritit was concluded 
that isolated Scc1 which is neither part of the cohesin compex nor bound to 
chromosomes is a substrate for cleavage by Esp1, at least if it is in its 
mitotically phosphorylated state. 

2 0 It was then addressed, whether Esp1 is itself the protease that cleaves 
Scc1 . Inhibitor studies showed that the in vitro cleavage activity could be 
inhibited by N-ethyl maleimide an inhibitor specific for proteases using a 
catalytic cysteine residue. Inspection of the amino acid sequence within the 
evolutionary conserved C-terminal half of Espl revealed that exactly one 

25 cysteine and one histidine residue are conserved in alLknown separin 

homologues. These two residues might therefore form the catalytic dyad of 
a new subclass of cysteine protease. When the amino acid sequences 
surrounding the potential catalytic dyad were further analysed, it was found 
that both the cysteine'and the histidine residues are preceded by a 

30 sequence stretch predicted to form a hydrophobic beta sheet. Furthermore, 
the histidine is invariably flanked by two glycine residues and the cysteine 
is preceded by a glycine providing the possibility for a tight turns before or 
after the catalytic residues. This arrangment of histidine and a cysteine 
catalytic dyad residues fixed at the ends of two neighbouring strands of 

35 hydrophobic beta sheet is used in the caspase family of proteases and It 
seems likely that the same arrangment is used in separins like Esp1 . 
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To provide evidence that Esp1 indeed uses these two amino acid residues 
histidine (amino acid position 1505) and cysteine (position 1531) as a 
catalytic dyad for cieaving Scd .either of these amino acids were mutated 
to alanine. Both mutations completely abolished the proteolytic activity in 
5 yeast extracts after overproduction of the proteins (Fig. 6). Wild type Esp1 
overexpressed to a similar level caused complete cleavage of the Scd 
substrate. It was concluded that histidine 1505 and cystein 1531 most likely 
form the catalytic dyad that provides Esp1 with its proteolytic activity to 
cleave Scd . 

10 Together these results provide compelling evidence that a proteolytic 
reaction in which Esp1 separin cleaves the cohesjn Scd is the initiating 
event for sisterchromatid separation at the metaphase to anaphase 
transition in mitosis in S. cerevisiae. 

It was next asked whether the same proteolytic mechanism might act to 
15 initiate chromosome ^separation during the two meiotic nuclear divisions. 
During premeiotic DNA replication a Scc1 -homolog, called Rec8, replaces 
Scd in the cohesin complex (Klein et al., 1999). Rec8, like Scd , contains 
two separin recognition sites, which suggests that Esp1 /separin might 
cleave Rec8 during meiosis to initiate meiotic chromosome separation. To 
2 0 test this, both separin cleavage sites within Rec8 were mutated to produce 
a non-cleavable version of this protein. Expression of the non-cleavable 
Rec8 during meiosis led to a block of the first meiotic nuclear division (Fig. 
7A), indicating that cleavage of Rec8 Is necessary to separate sister 
chromatid arms In the first meiotic division.When meiosis was followed In a 

2 5 yeast strain containing the e§p1-2 mutation, a temperature sensitive 

mutation In the ESP1 gene, a temperature dependent block of the first 
meiotic nuclear division was likewise observed (Fig. 7B). It was concluded 
that separin cleaves the cohesin Rec8 during the meiotic nuclear divisions 
as it cleaves Scc1 during the mitotic division. 

3 0 ; the sequences of human homologs of budding yeast Esp1 , Pds1 and Scd 

already exist in public databases. The human homologs of Esp1 and Pds1 
are referred to as separin (Nagase et al., 1996; protein sequence: NCBI 
Acc. No. BAA11482; DNA sequence: NCBI Acc. No. D79987) and securin 
(Zou et al., 1999, Dominguez et al., 1998) respectively, and the human 
35 homolog of Scc1 as SCC1 (McKay et al., 1996; DNA sequence: NCBI Acc. 
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No. X98294; protein sequence: NCBI Acc. No. CAA. 66940). In animal cells 
It has been shown that the majority of SCC1 dissociates from chromatin in 
prophase long before sister chromatids are separated in anaphase, and no 
cleavage of SCC1 has been observed during this process (Losada et al., 
5 1999). 

Another object of the experiments of the present invention was to test 
whether some SCC1 remains bound to condensed chromosomes and 
maintains sister chromatid cohesion until the initiation of anaphase, and to 
analyze whether the chromosome-bound form of SCC1 was subject to 
1 0 proteolytic cleavage at the onset of anaphase. 

To answer these questions, the following approach was taken: Hurrian 
HeLa cells were enriched in interphase by logarithmic growth and in 
'~ metaphase by treatment with nocodazole, and crude chromatin and 
supernatant fractions were generated by differential centrifugation and 

; 15 analyzed for the presence of SCC1 by quantitative immunoblotting (Fig. 8)/ 
The amount of the total cellular SCC1 associated with chromatin was 
reduced from 56 % in logarithmically growing cells to 13 % in cells arrested 
in metaphase. It was concluded that most but not all SCC1 dissociates 
from chromatin before metaphase, consistent with the possibility that SCC1 

20 may be required to maintain sister chromatid cohesion until the onset of 
anaphase. 

To address whether the form of SCC1 that is associated with 
chromosomeS'in metaphase |s cleaved in anaphase, HeLa cells were 
" " • arrested at the onset of S-phase by double-thymidine treatment and were f* * 
25 synchronously released Into the cell cycle. Progression through the cell 
cycle was monitored at different time points after the release by analysis of 
the PNA content with fluorescence activated cell sorting (FACS) and by 
analyzing total cell lysates in immunoblot experiments. Figure 9 shows that 
a putative SCC1 cleavage product corresponding to 100 kDa was 
3 o recognized by antibodies specific for the C-terminus of SCC1 . Importantly, 
this band appeared specifically when the HeLa cells went through 
anaphase, as judged by FACS analysis and the disappearance of securin, 
cyclin B and CDC20, proteins that are known to be degraded specifically in 
anaphase. 
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To confirm that the anaphase-specific 1 00 kDa band is a cleavage prodcut 
of SCC1 and not a non-specific crossreaction of the antibodies used, the 
following two experiments were performed: First, antibodies specific for the 
N-terminus of SCC1 were raised and used to analyze the HeLa cells cycle 
5 fractions by immunoblotting. A band of 25 kDa was recognized specifically 
in anaphase (Fig. 9), consistent with the interpretation that SCC1 is cleaved 
into an C-terminal 100 kDa and a N-terminal 25 kDa fragment. Second, a 
HeLa cell line stably expressing mouse SCC1 fused to a myc epitope tag at 
the C-terminus (SCC1-myc) was analyzed by cell synchronization as 

10 above. The amount of SCC1-myc expressed in these cells is less than 10% 
of endogenous SCC1 and the ectopic protein is entirely incorporated into 
14S cohesin complexes (Fig. 10A). In synchronized cells, antibodies to the 
• ^myc epitope recognize a band of the expecled ^^iW^aJthaT^pf^a^ 
- in anaphase with similar kinetics as the 100 and 25 kDa bands recognized 

15 by SCC1 antibodies, demonstrating unambiguously that mammalian SCC1 
is cleaved in anaphase (Fig. 10B). In addition, these immunoblots revealed 
a second anaphase-specific fragment of SGC1-myc, suggesting that SGC1 
cleavage occurs at at least two sites (Fig. 10B bottom panel). 

Biochemical experiments in Xenopus have shown that the initiation of- 

2 0 anaphase depends on proteolysis of securin mediated by APC C °C20 (Zou 

et al., 1999). Like budding yeast Pds1 and Esp1, securin and separin form 
a complex, consistent with the hypothesis that APC CD C20_<j epenc | ent 
securin proteolysis activates separin. To address whether SCC1 cleavage 
depends on activation of APC C DC20 anc j subsequent securin proteolysis , 
25 HeLa cells were. synchronized by double-thymidine treatment and released 
Into the cell cycle in the presence of nocodazole. Nocodazole Is a drug 
known to indirectly cause the inhibition of APC C °C20 anc ( thereby to arrest 
cells In metaphase (reviewed by Peters, 1998). Specific antibodies to 
human securin were raised and it was shown that securin was not 

3 o degraded under these conditions (Fig. 1 1 ). Importantly, no. cleavage of 

SCC1 could be observed in the presence of nocodazole. The effect of the 
drug was reversible because release of nocodazole arrested cells into 
anaphase correlated with degradation of securin and formation of the 
SCC1 cleavage products (Fig. 12). These results suggest that SCC1 
35 cleavage depends on activation of APG CDC2 ° and are consistent with the 
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hypothesis that securin degradation and subsequent separin activation are 
required for SCC1 cleavage. 

To analyze the regulation of SCC1 cleavage further and as a first step to 
develop a screening assay for inhibitors of this reaction an in vitro assay 
5 utilizing SCC1-myc and cell cycle extracts prepared from Xenopus eggs 
was established. These extracts can be manipulated to represent either a 
stable interphase state in which APC CDC20 is inactive or a stable mitotic 
state in which APC C DC20 j s active and in which sister chromatid 
separation can occur in vitro (Murray et al., 1991) When chromatin isolated 

1 o from HeLa cells stably expressing SCC1 -myc was incubated in Xenopus 

extracts, cleavage of SCC1 ; at ; twQ dtegtiast sjtes coujd be detected in the 
mitotic but not in the interphase extract, further confirming that APC CDC 20 
activity is required for this" event (Fig. 13).. In SDS-PAGE, the cleavage 
products formed in vitro comigrated with the cleavage products formed in 
15 vivo, suggesting that cleavage in the extract occurs at physiologically 

relevant sites. Importantly, some SCC1 cleavage was also observed when 
chromatin-free supernatant fractions from HeLa cells were mixed with 
mitotic extracts (Fig. 13). This demonstrates that soluble human SCC1 can 
be a substrate for cleavage and thus makes the development of a 

2 0 simplified chromatin-free cleavage assay for drug screening purposes 

feasible. 

To map the more N-terminal cleavage site in SCC1 a series of N- and C- 
terminal deletion mutants was generated t and, the electrophoretic mobility of 
the truncated proteins was compared to the mobility of the N- and G- 
25 terminal cleavage products formed in vivo (Fig. 14). cDNAs encoding 

deletion mutants were generated by polymerase chain reactions (PCR) and 
recombinant S 35 -labeled;proteins were generated from the PCR products 
by in vitro transcription and translation. This analysis indicated that SCC1 is 
cleaved between amino acid residues 169 and 183. This site contains the 

3 o sequence motif ExxRl 72 wn j C h | s conserved in many SCC1 homologs in 

different species and is also found in both N-terminal cleavage sites of 
budding yeast Scc1 . Preliminary results using the same mapping strategy 
indicate that the C-terminal cleavage site In SCC1 is located around amino 
acid residue 450 where the motif ExxR is found again. 
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Based on the results of the experiments of the present invention it can be 
concluded that separin-dependent SCC1 cleavage is a mechanism that is 
conserved from budding yeast to humans and that the same mechanism 
most likely exists in all eukaryotic organisms. The findings obtained in 
5 experiments performed with budding yeast are therefore also valid in higher 
eukaryotic organisms, in particular in man. 

The interpretation of the data obtained in the experiments of the present 
invention further provides evidence that Esp1/separin itself is the protease 
responsible for the cleavage of Scc1 p/SCC1 . 

10 From the results obtained in the experiments of the invention, it may, inter 
; alia, be concluded that Scc1p/SCC1 is the onlysubunit of the cohesion 
comples cleaved By Espl/separin.This does, however, hot exclude the 
possibility that other types of proteins, for example, other cohesion proteins, 
or proteins which regulate mitotic spindles, might also be targets/substrates 

15 of separin. One way of addressing this question is to make a version of* 
Scdp that has one cleavage site replaced with a site for a foreign protease 
(with the other cleavage site removed). An example for a convenient 
protease to use isTEV protease (Daugherty et al., 1989), which has a very 
specific cleavage site (Glu-Asn-Leu-Tyr-Phe-Gln-Gly). A strain can be 

20 constructed that contains: the SCC1 gene containing a TEV protease 
cleavage site, a chromosomal cdc20-3 mutation, and the TEV protease 
gene under GAL1-10 inducible control, in the presence of galactose at the 
restrictive temperature (when cdc20-3 cells are arrested in metaphase due 
to their failure to destroy Pds1 ), the effect of the artificial cleavage of Scc1 p 

25 on its removal from chromosomes can be assayed (as measured -by its*** 1 * 
presence in sedimented chromosomal DNA fractions). Whether or not this 
is sufficient for sister chromatid separation can also be examined 
microscopically, using the CenV-GFP system (Ciosk et al., 1998; see 
Example 3). These experiments allow to determine whether the rest of 

3 o mitosis can proceed under these conditions in the absence of separin 
I function (note that separin is inactive in cdc20-3 mutants at the restrictive 
temperature due to the presence of its inhibitor Pds1). If the foreign 
protease triggers Scc1 p*s dissociation from chromatids under these 
circumstances and sister chromatids segregate to opposite poles of the 

3 5 yeast cell, it can be concluded that cleavage of Scc1 is the sole function of 
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separin needed for sister chromatid segregation. If however, sister 
chromatids fail to segregate to opposite poles of the cell despite the variant 
Scdp having been removed from chromatin, then it is concluded that 
separin has one or more functions besides cleavage of Scdp. A clue as to 
5 these functions can be obtained from the phenotype of these cells and this 
can be used to identify other potential substrates for Esp1 . 

The findings of the experiments of the present invention have shed the first 
key insight into the molecular mechanism by which eukaryotic cells 
separate sister chromatids. In view of the published literature, which 
contains no hints as to the mechanism by which sister chromatids are 
separated, the finding that separins act by conferring a proteolytic activity is 
highly surprising. - - ~ . ------ zi.- - r^ -~ _ 

The identification of Esp1 /separin as"the protease responsible for 
Scc1/SCC1 cleavage and the identification of potential co-factors, is the 
prerequisite for designing assay methods that allow for finding compounds 
interfering with sister chromatid separation, which is the basis for novel 
therapeutic approaches. 

In a first aspect, the invention relates to a method for identifying 
compounds that have the ability of modulating sister chromatid separation 
20 in plant or animal cells, characterized in that a protease with separin-like 
cysteine endopeptidase activity is incubated, in the presence of the 
substrate(s) for its proteolytic activity and optionally its co-factor(s), with test 
compounds and that the modulating effect of the test compounds on the 
proteolytic activity of the cystetne-enllopeptidase is determined. " 

2 5 By providing a method to identify compounds which exert their effect by 

directly modulating, in particular by inhibiting separin's proteolytic activity, 
i.e. by being protease inhibitors specific fog separin, the present invention 
provides means for interfering with the mechanism of sister chromatid 
separation and thus a novel approach for inhibiting the proliferation of 

3 o rapidly dividing animal cells, in particular tumor cells. 

In the following, if not otherwise stated, the term "separin" is used as a 
synonym for any cysteine endopeptidase with separin-like activity, including 
the yeast homolog Esp1 . Similarly, the term "SCC1 " Is not limited to the 
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human separin substrate, but is intended to encompass any homologous 
substrate of the cohesin-type. 

In a first embodiment, for small scale applications, the assay of the type as 
described in Example 2 for the yeast components can be used to identify 
5 compounds that inhibit separin activity. Given the existence of Esp1 
homologues in man, i.e. separin, it can be concluded that the separin 
activity plays an important role in triggering anaphase onset also in 
humans. Therefore, a separin-dependent cleavage assay using human 
separin and SCC1 instead of yeast components can be established using 
lb the principles outlined in the experiments for yeast components. Such an 
assay comprises, as its essential features, incubating a crude preparation 
l - of chromatin, with a preparation-containing a separin activity and 
determining SCC1 cleavage products in the presence or absence of a test 
substance. .;, V 

15 !n general, when setting up a screening assay, it may be useful to first 

perform it with yeast constituents as assay components and subsequently 
further develop it stepwise using the protease and/or substrate from 
intermediate organisms, e.g. from S. pombe or Xenopus laevis, and finally 
equivalent human substrates. For example, the S. pombe homologue of 

2 0 Scc1 (called Rad21 ) contains two sequences which are similar to the two 

known cleavage sites in Scc1 , and Rad21 derived sequences may 
therefore be used to generate a substrate for S. pombe Esp1 (called Cut1). 
This process of advancing to higher organisms can be applied stepwise 
until a human system is attained, The cleavage site of any new substrate 
25 -rforhuman-separin can be determined by purifying the cleavage product 
and determining the N-terminal sequences by Edman degradation as 
described above. 

■ * 

In a preferred embodiment, the method of the invention is performed on a 
high-throughput scale. For this embodiment the major assay components, 

3 0 in particular separin, are employed in recombinant form. 

Depending on the desired application of the separin-lnhibitor to be 
identified, the assay components employed may vary in terms of the 
species that they are derived from. In view of therapeutical applications in 
animals or humans, the assay components are preferably of mammalian or 
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human origin, in case of intended agricultural applications, the assay 
components are derived from plants. 

Separin can be produced recombinantly according to standard methods, 
e.g in yeast or insect cells or in other suitable host cells, based on the 
5 sequence information in the literature or in data bases. The obtained 

protein can be purified by conventional biochemical fractionation from yeast 
cells over-producing separin or by tagging the over-produced protein with 
polypeptide sequences which have a special affinity for a defined ligand 
(affinity purification). For example, separin can be purified on nickel- 

10 agarose columns if it has been tagged with multiple histidine residues, 
whereas It can be purified on glutathione-agarose columns if jt has been 

' ~** v fagged with GST. Such" affinity purification involves the cleavage of separin 
from its tag using site, specific proteases or self cleaving inteins.The thus 
obtained recombinant protein can then be used to determine, according to 

15 known methods for assaying proteolytic activity, whether separin- alone is 
capable of cleaving Scc1 p or peptide substrates derived from it. In case 
that separin is alone capable of cleaving a SCC1 or a SCC1 -derived 
peptide, an assay based on, preferably recombinant, separin as the 
protease and its substrate SCC1 can easily be adapted to a high 

2 0 throughput format by methods that are standard for other defined 

proteases, as described below. 

The protease substrates useful in the assay may be those equivalent to or 
mimicking the naturally occuring substrates, e.g. crude chromatin 
preparations, SCC1 , preferably recombinantly produced, or an SCC1 
25 peptide that contains the proteolytic cleavage site. 

Based on information about the sequence specificity of the separin 
proteolytic cleavage site in yeast and in man, other potential substrates for 
the protease can be found in other organisms, including humans, which 
also allows for the design of peptides derived from these substrates, which 

3 o are useful as substrates in the screening assay of the invention. 

In a preferred embodiment, the substrate is a peptide containing the 
cleavage site of the naturally occuring substrate. The sequence specificity 
of the proteolytic cleavage can be determined by testing a variety of 
different peptides. The peptide may be of natural origin, i.e. derived from 
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the natural SCC1 , or a variant. An example for a natural peptide 1st the 
human SCC1 peptide as set forth SEQ:ID:NO:1 , or a fragment thereof that 
contains the separin cleavage site. Variants can be generated either by 
synthesising variant peptides or by mutating DNA sequences from genes 
5 encoding cohesion proteins. More specifically, other substrates for separin 
can be identified by searching for small DNA fragments from the yeast 
genome or an oligonucleotide library that can replace the normal Scc1 
cleavage sites. Oligonucleotides may be inserted into a SCC1 gene 
(lacking both natural cleavage sites) under control of the GAL promoter on 
10 centromeric plamid. Yeast cells may be transformed with a library of such 
constructs and only plasmids whose modified Scc1 protein can be cleaved 
by the separin activitywill permit growth in the presence of galactose. The 
peptides encoded by the positive constructs are useful "as'SUbslfatls' W 
separin in the screeing assay of the invention. 

15 With regard to the substrate, e.g. the SCC1 protein or a peptide fragment 
thereof, care needs to be taken that the substrate is efficiently cleaved. It 
has to be considered, in particular when using the yeast homolog of SCC1 , 
that efficient cleavage appears to occur only when the substrate is in its 
phosphorylated state, as it is present in mitosis. Therefore, when designing 

20 a peptide substrate or when producing SCC1 recombinantly, it has to be 
tested whether the substrate is efficiently cleaved by separin. In case of the 
recombinant protein, it can be obtained in its phosphorylated form by 
producing it in infected insect cells that are treated with a phosphatase 
inhibitor, e.g. okadaic acid. This method is exemplified, for the yeast Scc1 

2 5 protein, in Example 5 (method section e) and can, if necessary for other 
SCC1 molecules, be"ada"pted for these molecules. 

In the case that separin does not act by itself, but in cooperation with co- 
factors, instead of incubating SCC1 (or peptide substrates) with separin 
alone, they can be incubated with a mixture of separin and its co-factors. 
30 All components can be produced and purified according to standard 
methods as outlined above for separin. 

For the high throughput format, the screening methods of the invention to 
identify separin inhibitors, are carried out according to assay methods 
known in the art for identifying protease inhibitors. Such assays are based 
35 on the detection of the cleavage products of the substrate. To achieve this, 
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an SCC1 peptide or protein substrate that contains cleavage sites for the 
separin protease is derivatized with a detectable label, e.g a radioactive or 
a fluorescent label. Upon cleavage of the substrate by the protease, the 
cleavage product can be measured. If a test substance is an inhibitor of the 
5 protease, there will be, depending on the detection system and depending 
on whether the test substance has an inhibiting or an activating effect, a 
decrease or an increase in the detectable signal. 

In the high-throughput format, compounds with a modulationg effect on 
separin or a separin-like cysteine endopeptidase can be identified by 
10 screening test substances from compound libraries according to known 
>;/ assay principles, eig. in an automated system on microtiter plates. 

Recently, various assay methods for identifying protease inhibitors have 
been described that are amenable to automation in a high-throughput 
format, e.g. the radiometric method described by Cerretani et at., 1999, for 
15 hepatitis C virus NS3 protease, the method based on fluorescence 

quenching described by Ambrose et al., 1998, or by Taliani et al., 1996, the 
microtiter colorimetric assay fot the HIV-1 protease described by Stebbins 
and Debouck, 1997, the fluorescence polarization assay described by 
Levine et al., 1997 (reviewed by Jolley, 1996), the method using 

2 0 immobilized peptide substrates described by Singh et al., 1996, the assay 

used for studying the inhibition of cathepsin G, using biotinylated and 
cysteine-modified peptides described by Brown et al., 1994. A further 
example for a suitable assay is based on the phenomenonon of 
fluorescence resonance energy transfer (FRET), as described by 
25-* Gershkovich et al., 1996 or by Matayoshi et al., 1990. Additional examples 
for assays that may be used In the present invention for a high-throughput 
screening method to identify Inhibitors of separin activity were described by 
Gray et al., 1994, Murray et al., 1 993, Sarubbi et al., 1991 . 

Fluorescent or radioactive labels and the other reagents for carrying out the 

3 o enzymatic reaction on a high-throughput scale are commercially available 

and can be employed according to supplier's instructions (e.g. Molecular 
Probes, Wallac). The specific assay design depends on various 
parameters, e.g. on the size of the substrate used. In the the case of using 
a short peptide, the fluorescence quenching or the fluorescence resonance 
3 5 nergy transfer methods are examples for suitable assay technologies. 
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The fluorescence quenching (Resonance Energy Transfer „RET M ) assay 
relies on synthetic substrates which are capable of direct, continuous signal 
generation that is proportional to the extent of substrate hydrolysis. The 
substrate peptide carries a fluorescent donor near one end and an 
5 acceptor near the other end. The fluorescence of the substrate is initially 
quenched by intramolecular RET between donor and acceptor. Upon 
cleavage of the substrate by the protease the cleavage products are 
released from RET quenching and the a fluorescence proportional to the 
amount of cleaved substrate can be detected. 

10 An assay of this type may be earned out as follows: the solution of the 
labeled substrate (e.g. the peptide labeled with 
. 4-[[4'-(dimethylamino)phenyl]a2o]benzoic acid (DABCYL) at the one end ^ 
and with 5-[(2 '-aminoethyl)amino]naphtalenesulfonic acid (EDANS) at the 
other end or labeled with benzyloxycarbonyl at the one end and with 4r 

15 aminomethylcoumarin at the other end) in assay, buffer is pipetted Into each 
well of black 96-well microtiter plates. After addition of the test substances 
in the defined concentration, the separin solution is added to the wells. 
After incubation under conditions and for a period of time sufficient for the 
proteolytic cleavage reaction, e.g. for 1 hour at room temperature, the 

20 fluorescence is measured in a fluorometer at the excitation wavelength, 
e.g. at 340 nm, and at the emission wavelength, e.g. at 485 nm. 

In the case of using the FRET assay, the following commercially availabe 
labeling pairs are suitable for the method of the invention: Europium (Eu) 
^ ^and Allophycocyanin (APC), Eu and Cy5, Eu and PE (Wallac, Turku,: r ^ 
25 Finland). . * • 

The compounds identified in the above methods, which are also subject of 
the invention, have the ability to interfere with sister chromatid separation 
by modulating the proteolytic activity of a separin-like cysteine 
endopeptidase. 

30 In a preferred embodiment, the compounds of the invention are inhibitors of 
a separin-like cysteine endopeptidase. 

Preferably, the compounds are specific inhibitors of separin. 
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The present invention also relates to compounds which act as Inhibitors of 
separin for use in human therapy, in particular cancer therapy. 

In a further aspect, the invention relates to a pharmaceutical composition 
which contains, as the active ingredient, one or more compounds which 
5 interfere with or modulate sister chromatid separation by inhibiting the 
proteolytic activity of separin. 

The present invention also encompasses inhibitors of any protease that is 
recognized to be a separin-like protease because of its sequence similarity 
to separins; i.e all proteases in which amino acid sequences surrounding 
10 the catalytic dyad are more similar to separins than. to any class of protease 
currently knowri...: - v . v • - ~- 

In a preferred embodiment, the invention comprises pharmaceutical ly 
active compounds and trjeir use in therapy, which are small chemical 
molecules that have been identified as separin inhibitors in the screening 
15 method of the invention. 

Alternatively, the separin inhibitors may be biological molecules, e.g. 
peptides or peptide-derived molecules like pepidomimetics. 

Proteases from the caspase family, to which separin is likely to belong, 
have been shown to be good targets for irreversible binding and inhibition 
20 by peptide derived inhibitors (Nicholson et al., 1 995; Faleiro et al., 1 997). In 
principle, the approach described for the caspase inhibitors, which act as 
"recognition site peptides" by being modified to contain an aldehyde, 
halogenomethyl or acyloxymethyl group at the cleavage position, can be 
adapted to irreversibly bind to and inhibit the active site cysteine residue in 

2 5 separin. Inhibitory peptide derivatives of this type can be the starting point 

for rational inhibitor design, e. g. derivatives of the peptide spanning the 
amino acid sequence at the protease recognition site in SCC1 or another 
separin substrate. An example for a peptide to be considered for such 
design is the peptide derived from human SCC1, 

3 0 MDDREIMREGSAFEDDDM (SEQ:ID:NO:1 ), which contains the separin 

cleavage site, or a mutation or fragment thereof. The inhibitor design can 
also be aided by obtaining structural information about the catalytic domain 
of Esp1 using x-ray crystallography. Initially the structure of the Esp1 
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catalytic domain can also be modelled onto the already known structures of 
two members of the caspase family of proteases. 

The efficacy of compounds identified as separin inhibitors can be tested for 
in vivo efficacy either on yeast cells or in mammalian cells. Effective 
5 compounds should block (or at least in some way interfere with) sister 
chromatid separation, which can be measured, e.g. by using CenV-GFP In 
yeast, as described by Ciosk et al., 1998, or standard cytological 
techniques in mammalian cells. Effective compounds should be either 
cytostatic or cytotoxic. Substances whose potential for therapeutic use has 

10 been confirmed in such secondary screen can be further tested for their 
effect on tumor cells. To test the inhibition of tumor cell proliferation, 
primary human tumor cells are incubated with the compound Identified in 
the screen and the inhibition of tumor cell proliferation is tested by 
' conventional methods, e.g. bromo-desoxy-uridine or 3 H incorporation* 

15 Compounds that exhibit an anti-proliferative effect in these assays may be 
further tested in tumor animal models and used for the therapy of tumors. 

Toxicity and therapeutic efficacy of the compounds identified as drug 
candidates by the method of the invention can be determined by standard 
pharmaceutical procedures, which include conducting cell culture and 

20 animal experiments to determine the ICgo, LD s 0, the ED^. The data 

obtained are used for determining the human dose range, which will also 
depend on the dosage form (tablets, capsules, aerosol sprays, ampules, 
etc.) and the administration route (oral, buccal, nasal, paterental or rectal). 
A pharmaceutical composition containing the compound as the active 

25 ingredient can be formulated in conventional manner using one or more 
physologically active carriers and excipients. Methods for making such 
formulations can be found in manuals, e.g. "Remington Pharmaceutical 
Sciences". 

Influencing the process of sister chromatid separation may be also 
30 beneficial in preventing birth defects caused by missegration of 

chromosomes in human meioses. For example, since cases of human 
aneuploidy such as Down's syndrome may be caused by premature 
separation of sister chromatids (Griffin, 1996), the use of a drug that inhibits 
separin activity might be able to reduce precocious sister separation and 
3 5 thereby the incidence of aneuploidy in human fetuses. 
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Thus, in a further aspect, the invention relates to separin inhibitors for the 
prevention of birth defects caused by missegration of chromosomes in 
human meioses. 

Separin inhibitors may also be useful in applications which aim at the 
5 deliberate polyploidisation of plant cells for crop development. In yeast, it 
has been shown that inhibition of separin activity prevents chromosome 
separation without blocking cell cycle progression and therefore gives rise 
to cells with increased ploidy. Inhibitors that block separin's protease 
activity could therefore be used to increase the ploidy of any eukaryotic 
10 cell, including all plant cells. Increasing the ploidy of plant cells is useful for 
1 ) producing larger plants, 2) for Increasing the ploidy of breeding stocks,;. ~ 
and 3) for generating f§fflfeliybH(&. — _ 

Therefore, the present invention relates, in a further aspect, to separin 
inhibitors for the treatment of plant cells for increasing their ploidy. 

15 To identify separin inhibitors that are useful. for the above-mentioned 

agricultural purposes, the screening method of the invention can be easily 
adapted by employing plant components, i.e. a plant separin and a plant 
homolog of SCC1. Sequence homologs of plant separin and SCC1 are 
present in databases, e.g. of the Arabidopsis thaliana genome. 

2 o Separin inhibitors which Impair sister chromatid separation may also be 
used in cytological analyses of chromosomes, for example, in medical 
diagnoses of chromosome structure. 
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Brief description of the figures: 

Fig. 1: Chromosome association of Scdp in G1 is Esp1 -dependent 

Fig. 2: in vitro assay for Scdp cleavage and dissociation from chromatin 

5 Fig. 3: Detection of the Scc1 p cleavage product in vivo in cells passing 
sychronously throught the metaphase to anaphase transition 

Fig. 4: Expression of a non-cleavable variant of Scdp prevents Scd p 

dissociation from chromosomes and sister chromatid separation in 

... r vivo- . _ - ,„':... _ c . .,: - ... : 

10 Fig. 5: Purified Scd is a substrate for the Esp1 -dependent cleavage 
reaction 

Fig. 6: Mutations in the putative catalytic dyad of the Esp1 protease domain 
abolish cleavage activity 

Fig. 7: Separin cleavage of the cohesin Rec8 is necessary during meiotic 
15 nuclear divisions 

Fig. 8. Association of human SCC1 with chromatin 

Fig. 9: Human SCC1 is cleaved in mitosis 

Fig. 10: Ectopically expressed SCC1-myc is incorporated into the cohesin 
complex and is cleaved in mitosis 

2 0 Fig.1 1 : Human SCC1 is not cleaved in human cells arrested in metaphase 
by nocodazole treatment 

Fig. 12: Human SCC1 is cleaved in anaphase 

Fig. 13. Human SCC1-myc is cleaved in vitro 

Fig. 14: Mapping of the N-terminal cleavage site of human SCC1 

25 If not otherwise stated, the following materials and methods were used in 
the experiments of the present invention 
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a) Yeast plasmids and strains: 

The Scdp coding sequence (Saccharomyces Genome Database 
YDL003W) was cloned under control of the GAL1-10 promoter in a 
Ylplac128 derived vector (Gietz and Sugino, 1 988), and under its own 
5 promoter into YCplad 1 1 (Gietz and Sugino, 1 988) using the polymerase 
chain reaction (PCR). DNA fragments encoding multiple HA and myc 
epitopes were inserted into restriction sites introduced by PCR at the Isl- 
and C-termini of SCC1. Site directed mutagenesis was performed by PCR 
using primers containing the desired nucleotide changes. The validity of all 
10 constructs was verified by nucleotide sequencing. 

All strains used were derivatives of W303 (HMLa HMRa ho ade2-1 trp1-i 
can1~100 Ieu2-3,112 his3-11,15 ura3). Epitope tags at the endogenous 
Scdp were generated by a PCR one-step tagging method (Michaelis et al., 
1 997). A strain overexpressing Esp1 p from the GAL1r10 promoter was 
15 described (Ciosk et al., 1998) and crossed to a straincontaining the esp1-1 
mutation (McGrew et al., 1992). A strain expressing the sole source of 
Cdc20p under control of the GAL1-10 promoter was described in (Lim et 
al., 1998). To visualize sister chromatids a Tet repressor-GFP fusion 
protein is synthesized in the cells that binds to a cluster of Tet operator 
20 sequences integrated at the URA3 locus close to the centromere of 
chromosome V as described in (Michaelis et al., 1997). 

All meiotic yeast strains used in Example 7 are derivatives of the rapidly 
sporulating SK1. The Rec8 431/453 mutant (E428R R431E R453E) was .,; 
generated by site-specific mutagenic PCR of a REG8 wild-type integrative 
25 plasmid. This Ylplac128-derived plasmid (Gietz and Sugino, 1988) 

contains the REC8 gene and promoter and 3 HA epitope sequences at the 
C-terminus. This plasmid was integrated at the rec8::KanMX4 locus by 
. transformation with the Mlul-linearized plasmid. 

! 

The esp1-2 allele (McGrew et al., 1992) was recovered from strain K8493 
3 o using a gap repair strategy as described by Guthrie and Fink, 1 991 . The 
recovered allele was transferred Into SK1 by transformation and 5-FOA 
counter-selection (Guthrie and Fink, 1991). The resultant temperature- 
sensitive strain was diploidized by transformation with plasmid c1743 
containing the HO gene. For sporulation experiments, strains were first 
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streaked from the -80°C stock onto a YEPGIycero! plate and grown for 60 
hours at 25°C. A single colony was patched onto YEPD and grown for 48 
hours at 25°C. The patch of cells was Innoculated Into liquid YEPD and 
grown for 8 hours to stationary phase. The culture was washed with YEPA 
5 and grown overnight in YEPA. Cells were washed with 2% Potassium 

Acetate and then incubated for 14-24 hours in the same medium. Samples 
were taken every two hours and fixed with 70% ethanol for visualizing 
nuclei by DAPI staining. 

b) Yeast cell growth and cell cycle experiments 

1 0 Cells were grown in complete medium (Rose et a!., 1 990) at 25°C if not 
otherwise stated. Strains expressing Cdc2Qp, Esp1 p, or Scclp from the 
GAL1-10 promoter were grown in complete medium containing 2% 
Raffinose as carbon source. The GAL1-10 promoter was induced by 
adding 2% galactose. A G1 like arrest was achieved by adding 1 ug/ml of 

15 the pheromone alpha factor to the medium. For a metaphase arrest, 15 
ug/ml nocodazole was added with 1% DMSO. Metaphase arrest due to 
Cdc20p depletion was obtained in cells with the sole source of Cdc20p 
under control of the GAL1-10 promoter. A logarithmically growing culture in 
complete medium containing raffinose and galactose was filtered, washed 

2 0 with medium containing Raffinose only, and resuspended in the same 

medium. For release from the arrest 2% Galactose was added back to the 
culture. 

c) In vitro assay for yeast Esp1 p activity 

A crude Triton X-100 insoluble chromatin preparation was obtained from 

2 5 yeast cells as described (Liang and Stillman, 1997). The pelleted chromatin 

was resuspended in yeast cell extracts that had been prepared similar to 
the supernatant fraction of the chromatin preparation., One tenth volume of 
an ATP regenerating system was added (50 mM HEPES/KOH pH 7.5, 100 
,mM KCI, 10 mM MgCl2, 10 mM ATP, 600 mM creatin phosphate, 1.5 

3 0 mg/ml phophocreatin kinase, 1 mM DTT, 10% glycerol). Reactions were 

incubated for 1 0 min at 25°C with shaking and stopped on ice. The 
chromatin fraction was separated again from the supernatant by 
centrifugation, and resuspended in buffer EBX (Liang and Stillman, 1997). 
Equivalent aliquots of supernatant and chromatin pellet were analysed by 
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SDS-PAGE and Western blotting. Scd -HA was detected with the anti-HA 
monoclonal antibody 16B12 (Boehringer Mannheim). 

Since overexpression of Esplp from the GAL1-10 promoter Is toxic to cells, 
extracts with overproduced Esplp were prepared 2 h after induction with 
5 galactose of a culture pregrown in medium containing raffinose only. 

d) Protein sequencing of the yeast Scdp cleavage site 

The C-terminal Scc1 p cleavage fragment was isolated from cells that 
contained Scdp tagged with 18 tandem myc epitopes at the C-terminus. A 
Cdc20 arrest/release strategy was employed to obtain cells containing a 

10 high portion of Scdp in the cleaved form? Protein extract of 5 x 10 9 cells 
was prepared by breakage with glass beads 15 min after release from the 
metaphase arrest, myc-epitope tagged protein was immunoprecipitated 
with 20 mg anti-myc 9E1 1 monoclonal antibody under denaturing 
conditions and resolved on SDS-PAGE next to size markers. Proteins were 

15 transferred to a PVDF membrane and stained with Coomassie Brillant Blue 
R250. N-terminal sequencing of the band corresponding to the Scdp 
cleavage fragment yielded the amino acid sequence RLGESIM 
(Scd p amino acids 269 onwards). 

e) Purification of yeast Scd expressed in baculovirus infected insect cells 

2 o The Scd coding sequence was cloned into the baculovirus transfer vector 
pFastBad (Gibco Life Technologies). At the C-terminus a FLAG epitope 
tag was added followed by a cassette containing the yeast VMA intein and 
a chitin binding domain (New England Biolabs). Recombinant 
baculoviruses were obtained following the manufacturer's instructions. 

2 5 HiFive insect cells (Invitrogen) were grown in monolayers to confluency and 
infected at an multiplicity of infection of 2 with the recombinant baculovirus. 
To obtain metaphase-like phosphorylation 0.1 DM Okadaic acid was added 
40 hours after infection. 43 hours after infection cells were harvested. 
Cytoplasmic and nuclear extracts were obtained as described (Cai et al., 

30 1 996). Scd was purified from the combined extracts by chitin affinity 
chromatography according to the manufacturer's protocols, and further 
purified by two subsequent ion exchange chromatography steps on a 
MonoQ column (Amersham Pharmacia). 
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f) Mutations in the yeast Esp1 catalytic dyad 

Esp1 was overexpressed as described in a). The conserved residues 
histidine 1505 and cysteine 1531 that form the putative catalytic dyad of the 
Esp1 protease were changed to alanine using a PCR based mutation 
5 scheme. The mutant proteins were expressed from the GAL promoter in 
yeast and assayed for there cleavage activity as described under c). 

g) Other yeast methods 

Analysis of DNA content was performed as described (Epstein and Cross, 
1992) on a Becton Dickinson FACScan, chromosome spreads were as 
10 described (Michaelis et a!., 1997), photo micrographs were taken with a 
5 Photometries CCD camera ; mounted v bh fc a^Zeiss Axiophot microscope. 

In vitro translation of Pdslp was performed in reticulocyte lysate using the 
TNT system (Promega). 

h) Human cells 

15 HeLa cells were cultivated in DMEM supplemented with 10% FCS at 37 °C 
and5%C0 2 . 

In some experiments HeLa cells stably expressing mouse SCC1 fused to 
9 myc ecpitopes at its C-terminus were used. 

i) Human cell cycle experiments 

20 For cell cycle synchronization, a double-thymidine treatment was used. 
HeLa cells were first treated with 2 mM thymidine for 18 h. Subsequently, 
cells were washed with PBS, fresh medium was added and the cells were 
grown for another 8 h. Then the cells were treated again with 2 mM 
thymidine for 18 h, subsequently washed and incubated in fresh medium. 

25 Samples were taken at different time points. Samples were splitted and 
used for FACscan analysis and for immunoblotting. Cell extracts were 
made with glass-teflon potters in ice cold buffer containing 50 mM Tris pH 
7.7, 100 mM NaCI, 20 mM b-glycerophosphate, 5 mM MgCI 2l 1 mM NaF, 
0.1-0.2% Triton X-100, 10% Glycerol, 1 mM DTT and protease inhibitors). 



WO 00/48627 



PCT/EPOO/01183 



28 

In some experiments logarithmically growing HeLa cells were treated with 
330 nM nocodazole dissolved in 0.1 % DMSO for 18 hours, or cells 
synchronized by double-thymidine treatment were released into 
nocodazole-containing medium for different periods of time. In control 
5 experiments 0.1 % DMSO was added without nocodazole. 

For SDS-PAGE, equal amounts of total extract was loaded (usually 50 Dg 
protein per sample). For western blotting the following antibodies were 
used: Monoclonal mouse-anti-separin a C-terminal fragment of human 
separin was expressed in pET28Vector, His-tagged protein was purified 

10 and used for immunization); rabbit-anti-SCC1 (N-terminal or C-terminal 

peptides of human SCCf were coupled to KLH and used for immunization); 
rabbit anti-securih ? (human : secuRn was expressed in pTrcHis2 vector, 
His/myc-tagged protein was purified and used for immunization). All 
antibodies were affinity purified. CDC27, CDC20 and proteasome 

15 antibodies have been described (Gieffers et ai., 1999). Mouse-anti-Cyclin 
B1 (#SC-245) were from Santa Cruz Biotechnology, USA. Rabbit-anti- 
Cyciin A (#06-138) and rabbit-anti -phopho-Histone H3 (#06-570) were 
from Upstate Biotechnology, USA. Rabbit-anti-myc-epitope antibodies 
(CM-100) were from Gramsch, Germany. 

2 0 j) In vitro cleavage of SCC1 -myc 

Whole cell extract (containing 250 ug protein) from nocodazole-arrested 
HeLa cells ectopically expressing mouse SCC1-myc was separated by 
centrifugation into chromatin and supernatant fractions. Either 12.5 ul of the 
supernatant fraction or the chromatin pellet (resuspended in 5 ul of buffer 

25 containing 0.005 % Triton X100. 20 mM Hepes pH 7.7, 20 mM KCI, 1 mM 
MgCI 2 , 2 mM CaCI 2 ) were incubated with 25 pi of either interphase or 
mitotic Xenopus egg extract at room temperature. At different time points 
samples were taken, separated by SDS-PAGE and analyzed by 
immunoblotting with anti-myc antibodies. Xenopus extracts were prepared 

30 as described (Murray, 1 991 ). 

k) Mapping of the N-terminal cleavage site of human SCC1 

For generating truncated versions of the human SCC1 cDNA, polymerase 
chain reactions (PCRs) were used. For N-terminal deletions different 5- 
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primers containing T7 promotor regions, a start codon and appropriate 
SCC1 sequences were used. For C-terminal deletions different 3'-primers 
with appropriate SCC1 sequences and a stop-codon were used. The 
obtained PCR fragments were transribed and translated in the presence of 
5 35 S-methionine in reticulocyte lysate in vitro (TNT system, Promega). The in 
vitro translated products were separated by SDS-PAGE and immunoblotted 
with O or N-terminal specific SCC1 antibodies. 



Example 1 

10 Chromosome association of yeast Scdp in G1 is Esp1 -dependent 

•f • - -*w — - ■ 

A) Cells, wild type for ESP1 or containing the esp1-1 mutation, with an 
unmodified endogenous copy of Scd and a second myc-tagged copy 
under the control of the GAL promoter were arrested with the mating 
pheromone alpha factor for 120 min. All cells had then arrested in the G1 

15 phase of the cell cycle (time point 0 of the experiment). The FACScan 
profile of the DNA content is shown, demonstrating that all cells stayed 
arrested during the following 120 min time course of the experiment. 
Scdmyc was induced for 60 min by adding 2% galactose, then cells were 
transferred to medium containing 2% glucose to repress Scdmyc 

20 expression (Fig. 1 A). 

B) Expression of Scdmyc was seen by whole cell in situ hybridization 
(open circles), and chromosome binding of Scd myc was observed using 
chromosome spreads (filled squares). The percentage of cells positive for 
Scd myc expression and that had Scd myc bound to chromosomes is 

25 shown in the graphs (Fig. 1B). 

* * 
Example 2 

( In vitro assay for yeast Scdp cleavage and dissociation from chromatin 

Chromatin was prepared from a strain containing Scdp tagged with HA 
epitopes that was arrested in metaphase with nocodazol. The proteins in 
3 0 the chromatin preparation were resolved by SDS-PAGE and Scd -HA was 
detected by western blotting (Fig. 2, lane 1). This chromatin preparation 
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was resuspended in the indicated extracts, with or without addition of in 
vitro translation products as indicated. Incubation was for 10 min at 25°C, 
after which the chromatin was separated again from the supernatant by 
centrifugation. Aliquots of the supernatant fraction and the chromatin 
5 fraction of each reaction were analysed. 

Example 3 

Detection of the yeast Scdp cleavage product in vivo in cells passing 
sychronously throught the metaphase to anaphase transition 

The strain used expressed Cdc20p under the control of the GAL promoter 
10 as the only source of Cdc20p. Scc1 p was tagged with HA epitopes, and 
sister chromatids were visualized by tetR-GFP bound to tetO sequences 
inserted at the centromere of chromosome V. Cells were arrested at 
metaphase by depleting the cells of Cdc20p in medium lacking galactose 
for 120 min. Then 2% galactose was added to induce Cdc20p synthesis. 

15 A) The FACscan profile of the time course is shown in Fig. 3A. 

B) Budding (Fig. 3b, filled squares) was scored, ail cells arrested after 
120 min with large buds and cytokinesis happend for most cells between 
30 min and 45 min after induction of Cdc20p synthesis. Scc1-HA bound to 
chromosomes was seen on chromosome spreads (Fig. 3B, open circles) in 

20 most cells in the arrest, and Scc1-HA disappeared from chromosomes 
within 15 min after release. The percentage of cells with separated sister 
chromatids as seen as the occurrence of two separated GFP dots in one 
cell body is presented (Fig. 3B, filled triangles). 

C) Examples of cells in the arrest at 120 min and 15 min after release. The 
25 synchronous separation of sister chromatids is visible as separating GFP 

dots (Fig. 3C). 

D) Western blot analysis of whole cell extracts at the indicated time points. 
The cleavage fragment of Scc1-HA is apparent at 135 min short after the 
release from the metaphase block into anaphase (Fig. 3D). 

30 Example 4 
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Expression of a non-cleavable variant of yeast Scc1 p prevents Scdp 
dissociation from chromosomes and sister chromatid separation in vivo 

A) FACscan profile of the DNA content as unbudded G1 celis were 
released into the cell cycle either with or without the induction of the 

5 Scc1 RR-DD mutant (Fig. 4A). 

B) Budding index without (Fig. 4B, open squares) or with (Fig. 4B, open 
triangles) induction of Scc1 RR-DD. Sister chromatid separation in the cells 
was monitored by counting the percentage of cells containing two 
separated GFP dots (Fig. 4B, filled squares for the control culture not 

10 expressing Scc1 RR-DD, and filled triangles for the culture expressing 
~ Scc1 RR-DD). • .. 

C) Scd p chromosomse association was measured on chromosome ~-i - 
spreads. The endogenous wild type Scc1 myc is shown for the control cells 
(open squares) and cells expressing Scc1 RR-DD (Fig. 4c, open triangles). 

15 The Scc1 RR-DD was HA tagged and detected on chromosome spreads of 
the induced culture (Fig. 4C, filled triangles). 

D) Examples of chromosome spreads of both cultures at 150 min in 
metaphase and at 1 80 min when most cells of the control culture had 
undergone anaphase. The DNA was stained with DAPI, Scdmyc was 

20 detected with a rabbit-anti-myc antiserum and anti-rabbit-Cy5 conjugated 
secondary antibody, Scc1RR-DD-HA was detected with the mouse 
monoclonal antibody 1 6B12 and anti-mouse-Cy3 conjugated secondary 
antibody. Sister chromatids of centromere V were visualized by the GFP 
dots (Fig. 4D). 

25 Example 5 

Purified yeast Scc1 is a substrate for Esp1 -dependent cleavage 

Fig. 5A: Purification of Scc1 from baculovirus-infected insect cells. SDS- 
PAGE followed by staining with Coomassie brilliant blue R250 of control 
HiFive whole cell extract (lane 1 ), whole cell extract after infection with the 
3 0 virus expressing Scc1 (lane 2), the eluate from the chitin affinity column 
(lane 3), and the pooled fraction of the second MonoQ chromatographic 
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step (lane 4). Scc1 , purified in a similar way, but containing metaphase-like 
phosphorylation, is shown in lane 5. 

Fig. 5B: Cleavage assay using purified Scc1. Purified Scc1 in both the 
unphosphorylated and the metaphase-like phosphorylated form was used 
5 as a substrate in a cleavage assay. The cell extract containing Esp1 was 
as in Figure 2, but was used mixed in different ratios with the control extract 
to obtain a titration of the Esp1 activity. Scc1 was detected by Western 
blotting with the anti-FLAG monoclonal antibody M2 (Sigma). 

Example 6 

1 o Mutation of the catalytic dyad in yeast Espl abolishes its cleavage activity. 

Wildtype Esp1 and mutants' H 1505 A and C1 531 A were overexpressed in 
yeast, tagged with a FLAG epitope for detection. Fig 6A: Western blot of 
cell extracts showing that the two mutant Esp1 proteins were expressed as 
stable proteins to similar levels as the wild type protein. Fig. 6B: The 
15 associated Scc1 cleavage activity was assayed as in Example 2. 

Example 7 

Preventing cleavage of the meiotic cohesion protein Rec8 by mutations in 
its cleavage sites or by an espl mutation inhibits meiotic nuclear divisions 

Fig. 7A: Diploid yeast strains either wild type for Rec8 or expressing Rec8 

2 o with both cleavage sites mutated were sporulated. The percentage of cells 

containing either one nucleus, two nuclei, or three or four nuclei is depicted 
throughout the time course of the experiment. - 

Fig. 7B: A diploid yeast strain homozygous for the esp1-2 mutation was 
sporulated at 25°C or 35°C. The percentage of cells containing either one 

2 5 nucleus, two nuclei, or three or four nuclei is depicted. 

Example 8 / 

; j . 

Association of human SCC1 with chromatin 

Chromatin and supernatant fractions were prepared from HeLa cells that 
were ither growing logarithmically (log) or were arrested in metaphase 

3 0 with nocodazole (noc). Proteins from equivalent aliquots of these fractions 
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were separated by SDS-PAGE and analyzed for the presence of SCC1 by 
immunoblotting using radiolabeled antibodies (Fig. 8, top panel), The 
intensities of the SCC1 bands were quantitated (Fig. 8, bottom panel). 

Example 9 

5 Human SCG1 Is cleaved In mitosis 

HeLa cells were arrested at the onset of S-Phase by a double-thymidine 
treatment and were synchronously released into the cell cycle. Samples 
were taken at the indicated time points. Cells were analyzed for their DNA 
content by.FACscan (Fig. 9A) and by SDS-PAGE and immunoblotting of 

10 whole cell extracts using the indicated antibodiesJFig79B). The 

phosphorylation-dependent electrophoretic mobility shift of the APC subunit 
CDC27 was used as a marker for mitotic entry. The disapperance of 
cyclin A was used as a marker for metaphase, and the disappearance of 
CDC20, securin and cyclin B,as a marker for anaphase. Proteasome levels 

15 were determined as a loading control. The arrows in panels 3 and 4 of Fig. 
9B from the top indicate 100 and 25 kDa bands that are recognized by 
antibodies that are specific for the C- and the N-terminus of SCC1 , 
respectively. 

Example 10 

20 Ectopically expressed SCC1-myc is incorporated into the cohesin complex 
and is cleaved in mitosis 

Fig. 10A: An extract of logarithmically growing HeLa cells stably expressing 
SCC1 -myc was separated by 5-20% sucrose density gradient 
centrifugation. Proteins from each gradient fraction were analyzed by SDS- 

2 5 PAGE and immunoblotting using antibodies to SCC1 , the myc epitope and 

against the human cohesin subunit SA1 . The position of 9S and 14S 
cohesin complexes is Indicated. Both endogenous SCC1 and ectopically 
i expressed SCC1-myc are exclusively found in the fractions containing the 
14S cohesin complex. 

3 0 Fig. 1 0B: HeLa cells stably expressing SCC1 -myc were arrested by double- 

thymidine treatment and synchronously released into the cell cycle. 
Samples were taken at the indicated time points and whole cell extracts 
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were analyzed by SDS-PAGE and immunoblotting using antibodies agaist 
the myc epitope and the C-terminus of SCC1. SCC1 cleavage products are 
indicated by arrows. Two exposures of the myc immunoblot are shown to 
reveal a second SCC1-myc cleavage product of higher electrophoretic 
5 mobility that can only be detected in prolonged exposures (bottom panel). 

Example 1 1 

Human SCC1 is not cleaved in human cells arrested in metaphase by 
nocodazole treatment 

HeLa cells stably expressing SCC1-myc were synchronized by double- 
10 thymidine treatment and were released into the cell cycle in the presence of 
either DMSO (results shown in Fig. 1 1 A and C) or nocodazole dissolved in 
DMSO (results shown in Fig. 1f Brand D). At indicated time points samples 
were taken. Cells were analyzed by FACsan (Fig. 1 1 A and B) and by 
immunoblotting of whole cell extracts using the indicated antibodies 
15 (Fig. 1 1 C and D). Antibodies specific for the C-terminus of SCC1 were 

used. In addition to the antibodies used in Example 9, an antibody specific 
for mitotically phosphorylated histone H3 (PhosphoH3) was used as a 
mitotic marker. 

Example 12 

20 SCC 1 is cleaved in anaphase 

HeLa cells stably expressing SCC1-myc were arrested in metaphase with 
nocodazole and synchronously released into anaphase. Samples were 
taken at the indicated time points. Cells were analyzed by FACscan 
(Fig. 12A) and by immunoblotting of whole cell extracts using the indicated 
25 antibodies (Fig. 1 2B), Antibodies specific for the C-terminus of SCC1 were 
used. 

Example 13 , r f 
SCC 1 -myc is cleaved in vitro 

Chromatin and supernatant fractions were isolated by differential 
30 centrifugation from nocodazole-arrested HeLa cells stably expressing 

SCC1-myc. The chromatin fraction was incubated in mitotic and interphase 
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Xenopus egg extracts and the supernatant fraction in mitotic Xenopus egg 
extract. Samples were taken at the time points indicated in Fig. 13 and 
analyzed by SDS-PAGE and immunoblotting using antibodies to the myc 
epitope. Whole cell extracts from SCC1-myc expressing HeLa cells in 
5 S-phase or in anaphase (obtained by release from a double-thymidine 
arrest for 6 and 1 1 .5 hours, respectively) were analyzed side by side. 
Cleavage products of SCC1-myc that are specifically formed in mitotic 
Xenopus extrcats are indicated by arrows. 

Example 14 

10 Mapping of the N-terminal cleavage site of human SCC1 

Truncated versions of the human SCC1 cDNA were generated by PGR and 
^transcribed and translated in vitro. The 35 S-labeled in-yitro translation 

products ( 35 S-IVT) were^analyzed by immunoblotting with SCC1 antibodies 
(top panels) and by phosphorimaging (bottom panels). N-terminal deletion 

15 mutants were analyzed by immunoblotting with antibodies specific for the 
C-terminus of SCC1 (Fig. 14, left panels) and C-terminal deletion mutants 
were analyzed with antibodies specific for the N-terminus of SCC1 (Fig. 14, 
right panels). Extracts from SCC1-myc expressing HeLa cells in anaphase 
or in G1 (obtained by release from a double-thymidine arrest) were 

20 analyzed side by side. The SCC1 cleavage products detected in HeLa 
extracts are indicated by arrows. 
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Claims 

I. A method for identifying compounds that have the ability of modulating 
sister chromatid separation in plant or animal cells, characterized in that 

5 a protease with separin-Hke cysteine endopeptidase activity is 

incubated, in the presence of the substrate(s) for Its proteolytic activity 
and optionally its co-factor(s), with test compounds and that the 
modulating effect of the test compounds on the proteolytic activity of the 
cysteine endopeptidase is determined. 

-10 2. The-method of claim .1, wherein said protease is recombinant. »• -r : 

The method of claim 1 or 2, wherein said protease Is human -separinr^* 

The method of claim 1, wherein said substrate is a protein 
recombinantly produced in baculovirus in the presence of a 
phosphatase inhibitor. 

15 5. The method of claim 1, wherein the substrate is human SCC1 oder a 
fragment or variant thereof. 

6. The method of claim 5, wherein the substrate is a peptide with the 
amino acid sequence as set forth in SEQ:ID:NO:1 or a cleavable 
fragment or variant thereof. 

20 7. The method of claim 1 or 2, wherein the protease is a plant separin. 

8. The method of any one of claims 1 to 7, wherein the substrate carries a 
label which generates a detectable signal proportional to the amount of 
the cleavage product of the proteolytic activity, and wherein the signal is 
measured in the.presence and in the absence of the test compound. 

9. The method of claim 8, wherein the label is fluorescent. 

10. Inhibitors of a protease with separin-Hke cysteine endopeptidase activity 
for human therapy. 

I I . Inhibitors of human separin for human cancer therapy. 




25 
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12. The use of inhibitors of a protease with separin-like cysteine 
endopeptidase activity for the preparation of a medicament for the 
treatment of cancer. 

13. Inhibitors of human separin for the prevention of birth defects caused by 
5 missegration of chromosomes in meioses. 

14. The use of inhibitors of a protease with separin-like cysteine 
endopeptidase activity for the preparation of a medicament for the 
prevention of birth defects caused by missegration of chromosomes in 
meioses, 

10 15. Pharmaceutical composition, containing as aqtive ingredient an inhibitor 
of human separin/ 

16. Inhibitors of plant separin for increasing the ploidy of plant cells. 
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Fig. 1 b 
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Fig. 3 a, b 
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Fig. 3 c, d 
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Present claims 10-16 relate to a compound defined by reference to a 
desirable characteristic or property, namely the inhibition of "proteases 
with separin-like activity". 

The claims cover all compounds having this characteristic or property, 
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claims 10-15. 
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preliminary examination on matter which has not been searched. This is 
the case irrespective of whether or not the claims are amended following 
receipt of the search report or during any Chapter II procedure. 
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Our work and that of others defined mitosis-specific (Rad21 subfamily) and meiosis-specific (Rec8 subfam-*> 
ily) proteins involvedvin ,sist^ seyeraUeukaryotes, ; includingUiumans; Mutation 'of the * ~ 

fission yeast Schizosdccharomyces pombe "rec8 gene was previously shown to confer a number of meiotic 
phenotypes, including strong reduction of recombination frequencies in the central region. of chromosome III, 
absence of linear element polymerization, reduced pairing of homologous chromosomes, reduced sister chro- 
matid cohesion, aberrant chromosome segregation, defects in spore formation, and reduced spore viability. 
Here we extend the description of recombination reduction to the central regions of chromosomes I and IL We 
show at the protein level that expression of rec8 is meiosis specific and that Rec8p localizes to approximately 
100 foci per prophase nucleus. Rec8p was present in an unphosphorylated form early in meiotic prophase but 
was phosphorylated prior to meiosis I, as demonstrated by analysis of the mei4 mutant blocked before meiosis 
I. Evidence for the persistence of Rec8p beyond meiosis I was obtained by analysis of the mutant mesl blocked 
before meiosis IL A human gene, which we designate hrec8, showed significant primary sequence similarity to 
rec8 and was mapped to chromosome 14. High mRNA expression of mouse and human rec8 genes was found 
only in germ line cells, specifically in testes and, interestingly, in spermatids. hrec8 was also expressed at a low 
level in the thymus. Sequence similarity aiid testis-specific expression indicate evolutionarily conserved func- 
tions of Rec8p in meiosis. Possible roles of Rec8p in the integration of different meiotic events are discussed. 



Meiosis is an essential step in the sexual reproduction of 
eukaryotes. It serves to reduce the chromosome number from 
diploidy in the germ line to haploidy in the gametes. This is 
accomplished by two rounds of chromosome segregation, mei- 
osis I and II, after a single round of DNA replication. During 
meiotic prophase, the replicated homologous chromosomes 
pair, recombination occurs between nonsister chromatids, and 
the resulting crossovers lead to chiasma formation in all 
bivaleftts. Chiasmata and sister chromatid cohesion are re- 
quired for correct segregation of homologous chromosomes at 
meiosis I (reductional division). Throughout meiotic prophase, 
numerous events occur at the chromosomes in highly ordered 
fashion (for reviews, see references 37 and 68). 

The events occurring at the DNA level are coordinated with 
many Other cellular processes, and all are integrated into the 
meiotic cell cycle. Much additional research is required for the 
elucidation of the regulatory mechanisms governing meiosis. 
However, it is known that checkpoint proteins involved in the 
regulation of the mitotic cell cycle are also needed for check- 
point controls in meiosis (47). A number of protein kinases 
have important functions in meiosis. Ah example is the kinase 
encoded by the Drosophila melanogdster mei-41 gene, which is 
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homologous to the human ATM gene (30). Mutation of this 
gene affects the number and morphology of recombination 
nodules (12). The CDC28, MEK1IMRE4, ESR2, and IME2 
genes, coding for identified or putative protein kinases, have 
meiosis-specific functions in Saccharomyces cerevisiae: (19, 34, 
44, 67, 74). A protein phosphatase was shown to interact with 
Redl, which is a component of the lateral elements of the S. 
cerevisiae synaptonemal complex (77, 83). A component of the 
lateral elements of the rat synaptonemal complex, SCP3, is 
multiply phosphorylated (43). SCP3 is identical to the Corl 
protein, which relocates from lateral elements to centromeres 
after anaphase I (20). 

An important structural feature of chromosomes during mi- 
totic and meiotic prophase is sister chromatid cohesion. It 
contributes to meiotic pairing and recombination of the ho- 
mologous chromosomes. After crossover formation and deg- 
radation of the synaptonemal complex, the homologs are kept 
in alignment by the microscopically visible chiasmata, which do 
not resolve until anaphase I. If sister chromatid cohesion is 
resolved prematurely, chromosomes do not segregate properly, 
resulting in daughter cells with unbalanced genomes (for a 
review, see reference 52). 

In several organisms, genes involved in meiotic sister chro- 
matid cohesion have been identified. The spo76 mutant of 
Sordaria shows precocious separation of sister chromatids and 
reduced meiotic recombination levels (55). Mutation of the ord 
gene of D. melanogaster also leads to premature separation of 
sister chromatids (7, 51). In mei-S332 mutants of D. melano- 
gaster, meiotic recombination and segregation of the homologs 
at meiosis I is normal. However, sister chromatids separate 
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precociously during anaphase I, leading to random segregation 
at meiosis II (35).~Mei-S332 protein associates with centro- 
meres in late meiotic prophase and disappears at anaphase II, 
when sister chromatids separate completely (36). A function 
similar to Mei-S332 was attributed to mouse Corl on the basis 
of its specific localization to centromeric regions from ana- 
phase I to anaphase II (20, 53). 

Loss of mitotic sister chromatid cohesion in S. cerevisiae 
requires degradation of Pdslp at the metaphase-to-anaphase 
transition (14). No homologs of Pdslp were identified in other 
organisms, but Cut2p of the fission yeast S. pombe may have a 
similar function (24). Recently, additional proteins involved in 
mitotic sister chromatid cohesion in S. cerevisiae were de- 
scribed (49). One of them, Scclp, is related to Rad21p of the 
fission yeast S. pombe (8, 9). Scclp binds to chromosomes 
during S phase, dissociates at the metaphase-to-anaphase tran- 
sition, and is needed for sister chromatid cohesion near cen- 
tromeres and in the chromosome arms. Binding of Scclp to 
chromosomes is Smclp dependent. The same protein, but 
named Mcdlp, was also identified in a screen for structural 
proteins of chromosomes and for proteins interacting with 
Smclp, suggesting ah additional role for Scclp/Mcdlp in chro- 
mosome' '^d^li^iiah.(28):Jh'&dditioii to Rad21p, homologs 
■ of Scclp/Mcdlp appear to exist in all eukaryotes, including 
i7o^>^^^ r (refei^n&e 48 and this study). 

The ric8 gerie 6i S. pombe was identified by screening for 
mutants with reduced meiotic recombination in the ade6 gene 
(63). Point mutations in rec8 reduce meiotic but not mitotic 
recombination arid result in mutants with normal resistance to 
the DN A-damaging agents UV radiation and methyl methane- 
sulforiate (17). Strong reduction of recombination was re- 
ported to be specific for a 2-Mb region around the centromere 
of chromosome III (18; but see below). Expression of rec8 
RNA'was concluded to be meiosis specific based on meiosis 
induction in haploid pail mutant cells (46). In mutants with a 
rec8-U0 point Mutation, linear-element formation is defective 
and only amorphous aggregates of linear-element proteins 
were observed (54). The linear elements appearing in S. pombe 
prophase resemble axial cores (precursors of the lateral ele- 
ments in the syriaptonemal complex) of other eukaryotes (2). 
Bouquet formation was normal in rec8-110 mutants, but pair- 
ing of chromosomes, studied by fluorescent in situ hybridiza- 
tion (FISH), was reduced. The strongly reduced spore viability 
was assumed to be a consequence of precocious separation of 
sister chromatids, which was observed in genetic assays and by 
FISH. It was concluded that linear-element formation contrib- 
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utes both to sister chromatid cohesion and to high meiotic 
recombination frequency (54)! 

Here we expand on the characterization of fission yeast 
Rec8p by performing an analysis of a new rec8 allele, a gene 
deletion/disruption likely to create a null phenotype, and using 
an anti-Rec8p antibody in the study of Rec8p localization and 
Rec8p phosphorylation. We report the cloning and character- 
ization of a novel human gene, hrec8, and present the results of 
experiments on complementation of the fission yeast rec8 dis- 
ruption strain by the human homolog. We describe in detail 
the rad21/rec8 gene family. Finally, the results are discussed 
with respect to possible roles of Rec8p in the regulation of 
meiotic events. 

MATERIALS AND METHODS 

Strains, plasmids, media, and general methods. The genotypes of S. pombe 
strains used in this study are listed in Table 1. All rec8::ura4 mutant strains were 
constructed from PA32 by genetic crosses. Plasmid pYL3 (46) contains a 3.9-kb 
rec8 fragment subcloned in pSP2 (16). Plasmid pREP41-hrec8 was prepared by 
insertion of the full-length human rec8 (hrec8) cDNA into the Ndel site of 
plasmid pREP41 (5). 

General genetic methods and the standard media yeast extract agar (YEA) 
and malt extract agar (MEA) were as described previously (29). Minimal me- 
dium (MMA) consists of 0.67% Difco Nitrogen Base without amino acids, 1% 
glucose, and 1.8% agar, synthetic growth medium (GMA) consists of 0.17% 
Difco Nitrogen Base without amino acids, 0.375% sodium glutamate, 1% glu- 
cose, and 2% agar. EMM (a modified Edinburgh minimal medium), used for the 
complementation analysis of rec8::ura4, was prepared with 20 g of agar per liter 
(71). All growth factors were added to a final concentration of 100 mg/liter. For 
meiotic time course experiments, the synthetic minimal medium PM (S, pombe 
minimal) (6) and PM - N (PM without NH 4 C1) (86) were used: 

rec8 gene disruption. To construct a rec8 gene disruption mutant, a 3.9-kb Sdci 
fragment from pYL3 (46) containing the rec8 gene and flanking sequences was 
subcloned into pBluescript KS (Stratagene). From the resulting plasmid, 
pBSrec8S-l, a 1.5-kb Nsil-Nhel fragment was replaced by a 1.8-kb Pstl-Xbal 
fragment from pB4-3 containing the ura4 marker gene (25) to yield the gene 
disruption plasmid pBSrec8S-l::ura4. From this plasmid, a 4.2-kb Sad fragment 
was used to transform the strain h~ leul-32 ura4-Dl8 by the lithium acetate 
method (33). Proper integration of the fragment into the genome was verified by 
Southern blot analysis. 

Anti-Rec8p antibody. A 1.2-kb rec8 DNA fragment covering the originally 
published open reading frame (ORF) from positions 742 to 1923 (46) was 
amplified by PCR to introduce a Bgfll and an EcoRl restriction site at the 5' and 
3' ends of the fragment, respectively. This PCR product was ligated in frame into 
the BamHl and EcoRl sites of pGEX-2T (Pharmacia) to obtain a ^-glutathi- 
one ^-transferase (rec8-GST) fusion. The construct was verified by DNA se- 
quence analysis. 

Fusion protein was produced as described previously (78). Briefly, Escherichia 
coli DH5a cells were transformed with pGEX-2T-rec8 and selected for the 
presence of plasmid with ampicillin (50 u-g/ml). Synthesis of fusion protein was 
induced by the addition of isopropyl-8-r>thiogalactoside (IPTG) to a final con- 
centration of 0.1 mM. After further incubation for 3 to 4 h at 37*6, the cells were 
harvested and stored at -70*C For preparation of E. coli extracts, approximately 



TABLE 1. Description of S. pombe strains used in this study 
Genotype 

h~ ade6-52 pro2-l ura4-Dl8 

h+ ade6-M26 arg3-l24 leul-32 ura4-D18 

h~~ ade6-52 pro2-l leul-32 rec8::ura4 ura4-Dl8 

h + ade6-M26 arg3-l24 leul-32 rec8::ura4 ura4-Dl8 

h~ leul-32 rec8::ura4 ura4-Dl8 

h~ adc6-M2W 

h + ade6-M2l6 

h~ ade6-M2W leul-32 rec8\:ura4 ura4-Dl8 

h+ ade6-M2l6 leul-32 rec8::ura4 ura4-Dl8 

h~ ade6-M2W ura4-aim mei4-B2 ura4-DI8 

h* ade6-M2l6 ura4-aim mei4-B2 ura4-Dl8 

h~ ade6-M2W mesl 

h + ade6-M2l6mesl 

h 90 leul-32 rec8::ura4 ura4-Dl8 
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4 g of cells was resuspended in 40 ml of phosphate-buffered saline (PBS) con- 
taining 2 mM EDTA, 100 mM benzamidine, 1 mM phenylmethylsulfonyl fluo- 
ride, and 1% Triton X-100. The GST fusion protein was isolated from the 
cleared lysate by the addition of 2 ml of 50% slurry of glutathione-Sepharose 4B 
(Pharmacia). The fusion protein was eluted in 50 mM Tris-HCl (pH 8.0)-10 mM 
reduced glutathione, and eluted fractions were concentrated and analyzed by 
sodium dodecyl sulfate-polyacrytamide gel electrophoresis (SDS-PAGE). The 
72-kDa Rec8-GST fusion protein was isolated from the polyacrylamide gel and 
used for immunization. 

Polyclonal antiserum was obtained by injecting a rabbit and three rats three 
times with approximately 200'^ of Rec8 fusion protein at 2-week intervals. 
Antisera were affinity purified by three rounds of adsorption to nitrocellulose 
Western blot strips (65) containing three different proteins (GST, E. coli heat 
shock protein GroEL, and Rec8 fusion protein). GroEL was a contamination in 
the preparation of Rec8 fusion protein as identified by protein sequencing. 

Meiotic time courses and Rec8p immunofluorescence on nuclear spreads. The 
induction of meiosis, the preparation of nuclear spreads, and 4',6-diamino-2- 
phenylindole (DAPI) staining of DNA were as described previously (2). Briefly, 
S. pombe PA39 diploid cells were induced to undergo meiosis by being shifted to 
nitrogen-free medium. Aliquots collected immediately after the shift (0 h) and at 
2-h intervals thereafter were used to prepare spreads of nuclei. For flow-cy to- 
metric analysis, I -ml aliquots of cells were fixed in 70% ethanol and stained with 
propidium iodide (Sigma) as described -elsewhere (6). For immunofluorescence 
.-experiments, the wild-type, diploid' strain^^^ strain v.,? 

PA40 homozygous for the rec8::ura4 deletion were used (Table 1)" Slides with 
nuclear spreads stored at -70°C were soaked in PBS containing 0.1% Photo-Flo 
(Kodak) to remove the sucrose layer and then washed for 15 min in- PBS 
containing 0.05% Triton X-100 and for 15 min in twofold-diluted blocking buffer 
(100 mM lysine, 3% nonfat dry milk, 0.05% Triton X-100, and 0.02% NaN 3 in 
PBS [pH 7.3]). The nuclear spreads were then blocked overnight in blocking 
buffer"and subsequently probed with the first antibody (1:10 dilution of rabbit 
anti-RecJSp in blocking buffer) for 24 h. The slides were sequentially washed in 
PBS containing 0.1% Photo-Flo and PBS containing 0.05% Triton X-100 for 15 
min each prior to incubation with the second antibody for 24 h (1:80 dilution of 
goat anti-rabbit immunoglobulin G-fluorescein isothiocyanate conjugate in PBS 
[Sigma]). Before being mounted, the slides were washed once more for 15 min 
in PBS containing 0.1% Photo-Flo and for 15 min in PBS containing 0.05% 
Triton X-100, with two additional washes in H 2 0 for 5 min each. The chromatin 
was counterstained with DAPI in a Vectashield antifade solution (Vecta Labo- 
ratories Inc.). The slides were analyzed with an epifluorescence (Zeiss Axiovert) 
microscope. Foci were quantified with the UTHSCSA Image Tool software 
(version 1.27). 

RNA extraction, Northern blot hybridization, and reverse transcription-PCR. 
Total RNA from S. pombe cells was prepared as described previously (26). 
Hybridization with a 32 P-labelled rec8 or byrl (58) DNA probe was performed as 
specified by the manufacturer (Bio-Rad) in its standard hybridization protocol. 
The rec8 probe was the same 1.2-kb DNA fragment used to construct pGEX- 
2T-rec8. The byrl probe (a gift from A. M. Schweingruber) was the 0.4-kb PCR 
fragment from positions 976 to 1387 in the ORF. 

A 300-u.g portion of total RNA from a meiotic time course (8 h after the shift) 
was used to prepare meiotic mRNA with the Oligotex poly(A) + mRNA isolation 
kit (Qiagen). First-strand rec8 cDNA was synthesized from 1 u-g of meiotic 
mRNA with an oligo(dT) 18 primer and Superscript reverse transcriptase 
(GIBCO). Reverse trahscriptioh-PCR was performed with the primers 5'-GGA 
AAAGGG AGG AAT(X5G AGTAATTTGG-3 ' (positions 186 to 213 of rec8) 
and 5 ' -GTG AAAAGTTTCAAATGGCATCGGTGC-3 ' (positions 2013 to 2039 
of rec8). The resulting PCR fragment was subcloned into pGEM-T (Promega) 
and subjected to DNA sequencing. 

Northern blot analysis of the human recti mRNA was performed as described 
previously (48). A multiple human tissue blot was obtained from Clontech (no. 
7754-1); hybridization and wash conditions were as specified by the manufac- 
turer. The blots were hybridized with 32 P-labelled cDNA probes. 

Immunoblotting, immunoprecipitation, and phosphatase treatment For the 
preparation of S. pombe extracts, approximately 1 g of cells from different time 
points of a meiotic time course was suspended in disruption buffer (25 mM 
Tris-HCl [pH 7.5], 150 mM NaCl, 1 inM EDTA, 1 mM dithiothreitol, 2 mM 
phenylmethylsulfonyl fluoride, 5 mM benzamidine, 13 mM 0-mercaptbethanol), 
mixed with an equal volume of glass beads, and disrupted in a mini bead-beater. 
Folltiwing SDS-PAGE, the proteins were transferred to nitrocellulose and the 
filter was blocked overnight in TBST (150 mM NaCI, 10 mM Tris-HC! [pH 8.0], 
0.05% Tween 20, 0.01% NaN 3 ) containing 5% nonfat dry milk. The filter was 
then incubated with the primary rat anti-Rec8 antibody (1:20 in TBST containing 
5% nonfat dry milk) for 2 h. After three washes in TBST, the second antibody 
(1:500 dilution of rabbit anti-rat IgG peroxidase conjugate [DAKO] in TBST) 
was added for 2 h, and the mixture was washed three times in TBST and 
developed with the ECL chemiluminescent detection kit (Amersham). 

For immunoprecipitation, Dynabeads M-280 (Dynal) were coated with affin- 
ity-purified rabbit anti-Rec8p antibodies and used for magnetic Rec8p purifica- 
tion from freshly prepared crude- extracts of wild-type or mei4 diploid cells, 
respectively, as described by the manufacturer. 

Lambda protein phosphatase (New England BioLabs) was used in dephos- 
phorylation experiments. Crude extracts from 1 g of meiotic wild-type cells (8 h 
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after induction of meiosis) were prepared and used to immunoprecipitate Rec8p 
as described above. Beads containing Rec8p were washed twice in reaction buffer 
(50 mM Tris-HCl, 0.1 mM disodium EDTA, 5 mM dithiothreitol, 0.01% Brij 35 
[pH 7.5]) and split into three portions. The first was used as control for immu- 
noprecipitation and used directly for SDS-PAGE, the second was incubated in 
reaction buffer with 2 mM MnCI 2 for I h at 30°C (no phosphatase), and the third 
was incubated with 800 U of lambda protein phosphatase for I h at 30°C. 

Cloning and sequence analysis of hrec8. General molecular biology proce- 
dures were essentially as described previously (69). Two 20-mer primers were 
designed based on the nucleotide sequence of EST T33286, whose translated 
product was homologous to the C-terminal end of hHR2l sp (48) (see Results). 
The primers had their 5' ends at 102 nucleotides before and 140 nucleotides after 
the terminal nucleotide of the hrec8 ORF and were used to amplify a 241-bp 
fragment of the hrec8 gene from a human T-cell leukemia cell line cDN A (cDNA 
kindly supplied by Karin van Gool). This PCR fragment was used as a probe to 
isolate hrec8 cDNA clones from a normalized, gridded human infant-brain plas- 
mid library (79), kindly supplied by P. Heutink. These hrec8 clones were se- 
quenced on both strands. Amino acid sequences were aligned with the ESEE 
program (version 1.09e; supplied by Eric Cabot). An unrooted phylogenic tree 
(see Fig. 5C) was constructed based on the protein sequence alignments of the 
rec8lrad2l homologs shown in Fig. 5B; a tree based on alignment of all full-length 
rec8lrad21 proteins with the DNA Man program (version 3.2; ,Lynnon Biosoft, 
Quebec, Canada) gave very similar results (not shown). Trees were drawn with 
^•%-^HYLIP'Software T package^2); pairwise. distances were calculated with the-- 
Dayhoff PAM 001 matrix. PEST sequences (66) were identified by using PEST- 
find at 1MB Jena. 

Complementation of rec8::ara4 by the human hrec8 gene. S. pombe PA43 was 
transformed with either pRFJMl or P REP41-hrec8 by the lithiunT acetate 
method (33). Transformants were selected on EMM plates lacking leucine. 
Transformants were plated onto MEA and allowed to sporulate for 72 h at 25°C. 
Cell-free spore suspensions were prepared by incubation of cell material with 
P-glucuronidase (Sigma) at 22°C for 16 h. The spore titer was determined- by 
counting. The percentage of viable spores was determined by plating on YEA 
and counting of the forming colonies. 

S. pombe PA21 and PA22 were transformed with either pREP41 or pREP41- 
hrec8 by the lithium acetate method (33). Transformants were selected following 
growth at 30°C for 5 days on EMM plates containing adenine, proline, and 
arginine but lacking leucine. Individual colonies were streaked on the same 
medium and grown for 24 h at 30°C. Crosses were conducted at 25°C for 3 days 
on EMM plates containing adenine, proline, and arginine. Cell-free spore sus- 
pensions were prepared by overnight treatment of aliquots of the crossing ma- 
terial with snail digestive juice. Measurement of spore viability and intragenic 
and intergenic recombination were done by standard genetic methods. The mean 
values of three experiments were determined. 

Chromosomal localization. FISH experiments were performed with biotinyl- 
ated hrec8 cDNA probes, hybridized to metaphase spreads of normal human 
lymphocytes, as described previously (62, 84). Chromosomes were banded with 
DAPI and actinomycin D and counterstained with propidium iodide in antifade 
solution. 

Nucleotide sequence accession numbers. The GenBank accession numbers for 
the fission yeast and human rec8 DNA sequences are AJ223299 and AF006264, 
respectively. 



RESULTS 

The phenotypes of a rec8 gene disruption and revaluation 
of the region specific reduction of recombination. A renewed 
analysis of the rec8 gene led to extension of the ORF at both 
ends (see the legend to Fig. 1). This result led to the discovery 
of homology to other genes in the data banks (see below). A 
gene disruption strain was constructed by replacement of a 
large part of the rec8 ORF by the ura4 marker gene (Fig. 1) for 
comparison of its phenotypes with those of the recS-7/0 point 
mutation studied previously (54). Spore viabilities measured by 
random spore analysis were 12 and 20% in the disruption and 
point mutants, respectively. This difference is statistically sig- 
nificant but of doubtful relevance. The frequencies of intra- 
genic and intergenic recombination were clearly reduced in 
comparison to those of the wild type, but no significant differ- 
ences between disruption and point mutation crosses were 
found. At lys7 (lys7-l X fys7-2) and at ade6 (ade6-M26 X 
ade6-52), the differences were at most threefold. In the three 
intervals pro2-arg3> Ieu2-lys7 y and ade6-argl i the values were 
two- to threefold lower in the rec8::ura4 than in the point 
mutation crosses (data not shown). The cytological analysis 
revealed an absence of linear elements and a shortened mei- 
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FIG. 1. Schematic diagram of a 2.3-kb fragment carrying the rec8 gene and of 
the rec8::ura4 insertion mutation. The open box indicates the ORF of the rec8 
gene. Solid boxes indicate the four introns at the following nucleotide positions: 
I at 213 to 255, II at 444 to 495, III at 593 to 644, and IV at 1895 to 1934. The 
putative TATA box (T), translation start and stop sites, and three potential 

. polyadenylation signals (Al to A3) are also indicated. In contrast to the origi- 
nally published rec8 sequence (742 toi'1923) (46), the actual gene structure 

- contams.fourjntrons that we re firsn.de n tificd on.the.bas is of the pub 1 is hed splice . 
consensus sequences for S. pombe (64) (feference "45'"and data" not shown). The 
existence of these introns was confirmed as described in Materials and Methods. 
The,. A of the ATG is position 157, and the A of.the TGA is position 2029. To 
produce the rec8::ura4 deletion mutant, the ura4 marker gene was used to 
replace the fragment between the 5i AMI and 13' Nhel restriction sites. 

otic prophase in the rec8-H0 strain (54). Linear-element for- 
mation in rec8::ura4 was impaired to a similar degree: no fila- 
ments and amorphous complexes of linear-element material 
were found. In contrast to the point mutation, the rec8::ura4 
strain showed no shortening of prophase in three independent 
time courses (data not shown). Shortening of the prophase in 
the point mutation strain may indicate a role of Rec8p in 
meiosis regulation. Alternative explanations, like shortening of 
prophase by an additional mutation, were not excluded. 
It was previously reported that a study of the rec8-110 point 



mutation showed that Rec8p is strongly required for activation 
of recombination in a 2-Mb region surrounding the ade6 gene 
on chromosome III but only marginally involved at other re- 
gions of the genome (18). Here, we extend this recombination 
analysis both by using the rec8 gene disruption mutant 
(rec8::ura4) and by testing new regions of chromosomes I and 
II. All data on intergenic recombination obtained with the 
point mutant (18) and our results from the gene disruption 
mutant are summarized in Fig. 2. The recombination frequen- 
cies obtained with the rec8 gene disruption, the genotypes of 
the strains used, and the specific methods applied are available 
upon request. 

We observed the strongest reduction of recombination (ap- 
proximately 300-fold) in crosses with rec8::ura4 at the ade6- 
argl interval on chromosome III, confirming the published 
results (18). On chromosomes I and II, the strongest reduc- 
tions of recombination were also observed in the vicinity of the 
centromeres. The centromere-spanning interval tpsl3-leul and 
<tjie centrpmeretproximal interval ade7-hi§3 on- the short, arm-, 
of chromosome II showecT reductions of 100- and 300-fold, 
respectively. These values are comparable to those obtained * 
for chromosome III. On chromosome I, the longest chromo- 
some, the centromeric interval aro5~lysl showed a 30-fold re- 
duction. Moderate but significant reductions were found in the " 
arms of chromosome I and close to the telomeres of jch^pmb- , 
somes I and IL T. ' 

Rec8p is localized in foci in the nucleus. When intact wild- 
type cells from vegetative or meiotic cultures were fixed and 
treated with affinity-purified anti-Rec8p antibody, no signal 
was detected unless Rec8p was overexpressed from a plasmid, 
in which case the signal was confined to the nucleus (data riot 
shown). 

Gentle lysis of cells and spreading of nuclei on surfaces were 
used previously for the analysis of linear-element formation 
and chromosome pairing (2, 54, 70). Thus, spread meiotic 
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FIG. 2. Meiotic recombinant frequencies in rec8 mutants. For each interval, the frequency is expressed relative to the one measured in the rec + cross Hie solid 
bars represent the data from reference 18, and the open bars represent those obtained from rec8::um4 crosses. Recombination frequencies were measured twice in every 
interval in the tec and the rec8::ura4 backgrounds. The approximate positions of the genes on the chromosomes are shown below the histogram 
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FIG. 3. ImmunolOcalization of Rec8p-staihirig foci and rec8 mRNA expression in relation to a time course of cytological events during wild-type meiosis Nuclear 
spreads were prepared from wild-type (PA39) diploid cells 0, 2, 4, 6, 8, and 10 h after transfer to meiosis medium, and all data are from the same meiosis time course 
experiment: (A) Example of a spread wild-type nucleus 8 h after induction of meiosis. Rec8p was visualized with an affinity purified polyclonal ariti-Rec8p antibody 
(right), and the DNA was couriterstained with DAPI (left). Bar, 2 u.m. (B) Quantitation of Rec8p-staining foci during meiosis. The number of foci was determined in 
samples of 30 welUspread nuclei at the indicated time points. The error bars indicate 1 standard deviation. (C) Induction of rec8 mRNA expression during wild-type 
meiosis. Northern blots of 20 u,g of total RNA at the indicated time points were hybridized with a recS-specific probe (left) and later hybridized to a 6yr7-specific cDNA 
probe to verify loading (right). (D) Timing of cytological events during wild-type (WT) meiosis. The number of horse-tail nuclei, which are markers of meiotic prophase 
was determined by DAPI staining, and the percentage of cells with 4C DNA content was measured by flow cytometry. Cells with more than one nucleus represent the 
percentage of the cells that have completed the first meiotic division. The increase in the number of cells containing two nuclei 1 h after induction of meiosis is due 
to the mitotic division of cells in Gj phase. This last mitotic division must occur before cells can enter meiosis from the d phase (21). 



nuclei from wild-type diploids were treated with affinity-puri- 
fied anti-Rec8p antibody (see Materials and Methods). Fluo- 
rescence microscopy revealed that Rec8p is localized in foci* 
throughout the spread nuclei. Meiotic time course experiments 
were then performed with the wild-type diploid strain PA39 
and with the rec8::ura4 disruption diploid strain PA40. An 
example of the analysis of meiotic landmarks, the presence of 
rec8 mRNA, and the subnuclear localization of Rec8p (quan- 
titation of Rec8p foci) are presented in Fig. 3. 
Rec8p was localized to distinct foci of different intensities 



within the nucleus (Fig. 3A). The intensity of Rec8p foci was 
dependent on the focal plane. No staining above background 
was observed on spreads of a time course of the diploid PA40 
(rec8::ura4 [data not shown]). In general, the foci were round. 
The few elongated foci may represent two or more unresolved 
structures. Some adjacent foci (three to seven foci) resembled 
pearls on a string, while other foci were more widely separated 
and scattered in the same nucleus. We quantified the Recfip 
foci per individual nucleus during a meiotic time course exper- 
iment (Fig. 3B). The average number of foci per nucleus in- 
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creased from about 50 at early prophase (4 h after the shift to 
meiotic conditions) to more than 100 at late prophase (8 and 
10 h). Similar results were obtained in a second independent 
time course. Foci first appeared after 4 h, when premeiotic 
DNA replication had started and when cells with elongated 
and deformed horse-tail nuclei (typical of meiotic prophase) 
started to accumulate (Fig. 3D). At 8 h, the fraction of nuclei 
with foci reached its maximum (42%). After 10 h, reliable 
scoring of nuclei with foci and quantitation of foci within single 
nuclei were no longer possible due to poor spreading proper- 
ties of the nuclei (spore formation). 

The number of nuclei carrying Rec8p foci correlated with 
the relative amount of rec8 mRNA at the different time points 
(Fig. 3C and D). Rec8p mRNA expression was previously 
shown to be specifically induced in haploid patl meiosis (46). 
The size of the transcript (2.0 kb) is consistent with the rec8 
ORF (1,683 nucleotides) shown in Fig. 1. 
. The percentage of nuclei with foci was brought into the 

..context of classicaHandmarks of fission' yeast meiosis (Fig. 
3D). The transition" from^m^ followed by" 

premeiotic S phase was visualized by flow cytometry for DNA 
content. The large number of cells with two nuclei 1 h after 
induction of meiosis represents the final mitotic division before 
cells entered the meiotic prophase. The number of cells with 
more than one nucleus was smallest from 5 to 7 h and then 

Increased again, indicating the onset of meiosis I. At 12 h after 
induction of meiosis, roughly 60% of the cells had completed 
the first meiotic division. The abundance of nuclei with foci 
coincided fully with the presence of nuclei with an extended 
shape (horse-tail nuclei), which appear to be due to the vigor- 
ous movement of prophase nuclei (13, 81). 

Rec8p is phosphorylated during prophase and persists be- 
yond meiosis I. To further examine Rec8p expression during 
meiosis, time course Western analysis and immunoprecipita- 
tion experiments were performed with both wild- type diploid 
PA39 cells and diploid cells homozygous for mutations that 
block meiosis at specific stages. The particular PA39 culture 
used for the experiment in Fig. 4A was somewhat delayed 
compared to the cultures used for the study of Rec8p foci (Fig. 
3). Rec8p first appeared 6 h after induction of meiosis, when 
the first horse-tail nuclei also became visible (data not shown), 
and grew more abundant at the later time points. At 6 h, Rec8p 
was visible as a single band of 8J kba. At 8 h, an additional 
band migrating at 95 kDa became apparent and its intensity 
increased (10 and 12 h); After 12 h, protein extraction became 
difficult due to the presence of high percentages of spores. At 

_12 h, 40% of cells had performed the first meiotic division and 
fewer than 10% of the cells were still in meiotic prophase 
(horse-tail nuclei (data not shown]). The apparently large 
amount of Re68p in the extract from cells harvested at 12 h 
indicated to us that Rec8p may persist beyond meiosis I (see 
below). 

The appearance of an additional protein band suggested 
that Rec8p is modified during meiotic prophase. To test 
whether the additional Rec8p band was due to phosphoryla- 
tion, Rec8p was immunoprecipitated from extracts of wild- type 
cells and treated with phosphatase. Figure 4B shows that the 
low-mobility Rec8p band was removed by this treatment, sug- 
gesting that Rec8p is phosphorylated during meiotic prophase. 
The high-mobility form, appearing first as a single band, did 
not change upon phosphatase treatment (control experiment; 
results riot shown). 

The data in Fig. 4A indicate that Rec8p phosphorylation 
occurs prior to the first meiotic division. If this is the case, 
mutant cells blocked before meiosis I are expected to contain 
phosphorylated Rec8p. Thus, the protein was immunoprecipi- 
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FIG. 4. Expression and phosphorylation of Rec8p during meiosis. (A) Pro- 
tein extracts were prepared at different time points of a meiosis time course of 
the wild-type (PA39; WT) diploid. Aliquots of 300 u,g were subjected to SDS- 
PAGE and Western blot analysis with affinity-purified anti-Rec8p antiserum. 
Arrowheads indicate the two forms of Rec8p. (B) Phosphatase treatment of 
RecSp from wild-type (WT) cells (strain PA39) 8 h after induction of meiosis. IP, 
immunoprecipitate; no phosphatase treatment; +, phosphatase treatment. 
(C) Immunoprecipitation of Rec8p from mei4 (PA41) cell extracts 10 h after a 
shift to sporulation medium. (D) Meiotic time course of the mesl diploid strain 
PA42. Protein extracts were prepared at the indicated time points, and aliquots 
of 150 u,g were subjected to SDS-PAGE and Western blot analysis with affinity- 
purified rat anti-Rec8p antiserum. 



tated from extracts of mei4 diploid cells, which are blocked in 
meiotic prophase at the stage with fully developed linear ele- 
ments (2). In contrast to wild-type meiosis, no cells in the mei4 
culture had two nuclei (indicated by DAPI staining) 10 h after 
induction of meiosis, confirming that the mei4 cells were 
blocked in prophase. Both versions of Rec8p were apparent as 
distinct bands; in addition, smaller proteins which may be deg- 
radation products were present (Fig. 4C). This result is con- 
sistent with Rec8p becoming phosphorylated prior to meiosis I. 

Persistence of Rec8p beyond meiosis I is expected to lead to 
the presence of the protein in cells blocked after meiosis I and 
before meiosis II. Diploids homozygous for a mesl mutation 
are blocked after the first and before the second meiotic divi- 
sion (11, 74). The same Rec8p double-band pattern was ob- 
served in wild-type cells (Fig. 4A) and mesl cells (Fig. 4D) up 
to 12 h after the medium shift. In the mesl time course, horse- 
tail nuclei were already visible 2 h after the shift and disap- 
peared completely after 12 h. At 24 h, all of the cells which had 
entered meiosis (32%) had performed the first meiotic divi- 
sion, as determined by DAPI staining. At 30 h, the percentage 
of cells with two nuclei was also 32%. This shows that in mesl 
mutants, by 24 h the cells were fully blocked after the first 
meiotic division. At these time points, the low-mobility Rec8p 
predominated in Western blots of crude extracts (Fig. 4D). 
Upon immunoprecipitation, both protein forms were detect- 
able, but for unknown reasons the low-mobility form could not 
be abolished by phosphatase treatment (data riot shown). The 
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observations made with the mesl mutant are consistent with 
persistence of Rec8p after meiosis I. 

Cloning and sequence analysis of a human rec8 gene. Since 
the conservation of the rad2l class of genes extended from 
yeasts to mammals and rec8 genes existed in both budding and 
fission yeast species (see below), it was likely that rec8 was also 
conserved in mammals. A human expressed sequence tag, 
T33286, was identified by its homology to the human rad21 
homolog, hHR21 sp (for human homolog of rad21, £ pombe 
[48]) on BLAST (1) database searching. A cDNA fragment 
corresponding to the C-terminal region of this new human 
gene, which we denote hrec8 y was amplified from a human 
T-cell leukemia cDNA pool and used to screen a cDNA library 
from which full-length hrec8 cDNA clones were obtained. 

hrec8 corresponded to an ORF of 1,641 nucleotides. Con- 
sistent with the generally low mRNA expression of this gene 
(see below), the sequence around the initiation codon did not 
conform strongly to the Kozak consensus (41); however, its 
^translation start site was likely to be the correct one because of. 
its highly conserved nature (below) and trie presence of stop 
codons in all three reading frames in the 5' untranslated region 
;(5' UTR) (data not shown). The 5' UTR was at least 477 
nucleotides long, while the 3' UTR was 160 nucleotides (data 
not shown). The translation of hrec8 is shown in Fig. 5A, 
aligned with the full-length fission yeast Rec8p, a putative 
-Rec8p homolog in budding yeast (Rec8 sc ; see below), and the 
founding member of the rad21/rec8 gene family, Rad21p. 

Rec8p and its homologs are clearly sequence related to 
Rad21p arid its homologs (Fig. SB). To distinguish between 
previously reported Rad21 -related proteins and those de- 
scribed in this paper, the new proteins described here are 
referred to as the rec8 members of the rad21/rec8 gene family. 
Sequence homology is higher at the N- and C-terminal ends of 
the proteins, where all proteins of the family are around 30% 
identical. Overall, Hrec8p had 49% similarity and 26% identity 
to hHR21 s P (data not shown). 

The PROSITE protein motif library failed to reveal major 
structural motifs, indicating a particular biological function for 
Hrec8p or related proteins. The unusual alternating basic- 
acidic region in the C-terminal region of the hHR21 sp protein 
(see Fig. 2A of reference 48) was absent from the hrec8 prod- 
uct. Overall, Hrec8p is, like hHR21 sp , an acidic protein (pi 
5.0), but there were dramatic variations in charge and pi across 
Hfec8p. Another notable feature of Hrec8p was its unusually 
high proline content of 14.3%. Like fission yeast Rec8p, which 
had conserved basic residues at amino acids 284 to 290, Hrec8p 
contained a stretch of 6 arginine residues preceded by a long 
stretch of prolines (amino acids 298 to 304; Fig. 5A). This basic 
region, conserved in rad21frec8 family homologs from other 
species (see Fig. 2 of reference 48), could represent a nuclear 
localization signal. Consistent With cell cycle regulation of 
these proteins by proteolysis (28, 49), potential PEST se- 
quences (66) were identified in the central, less highly con- 
served regions of all the Rad21/Rec8 family proteins (data not 
shown). 

Phylogenetic analysis 6trad21/rec8 gene family. A phyloge- 
netic comparison of the Rec8 and Rad21 proteins from the 
different eukaryptes was performed. Overall, the estimated 
phylogenetic relationships between the Rec8/Rad21 proteins 
from the different species (indicated by the lengths of the lines 
in Fig. 5C) are consistent with those observed for other groups 
of orthologous and paralogous genes; i.e., they are congruent 
with the evolutionary relationship of the various species (32, 
76, 82). There is no clear distinction between the rad21 and 
rec8 members of the gene family based on phylogeny. The 
common root of the two nematode proteins and their proxim- 



ity to human rad21 indicates that unlike in the other species 
examined to date, there are two rad21 genes in Caenorhabditis 
elegans. However, no genes with sequence homology closer to 
rec8 than to rad2l have yet been identified in that species, 
although its sequence analysis has been completed (82). 

Chromosomal localization and mRNA expression of hrec8. 
By using FISH, hrec8 was mapped to chromosome 14ql 1.2-12 
(Fig. 6A). This locus is not apparently implicated in human 
disease syndromes. The mRNA expression oihrec8 was exam- 
ined in different mammalian tissues. On blots prepared with 
total RNA, a 2.4-kb mouse rec8 mRNA species, consistent with 
the size of the hrec8 ORF, was detected only in testis cells (Fig. 
6B, top left) and not in other tissues. Mouse testis tissues were 
fractionated into meiotic and postmeiotic compartments (sper- 
matocytes and spermatids, respectively [27]). In contrast to the 
pattern seen for the related mHR21 sp gene (48), weak mrec8 
expression was detected in meiotic cells and greater expression 
was detected in postmeiotic spermatids (Fig. 6B, top middle). 
„. In addition, a muJ|iple-human-tissue poly(A) + ~ RNA blot was 
hybridized with an hrec8 probe. Although not detected on the 
total-RNA blot, the hrec8 mRNA level was increased in thy- 
mus tissue and, unlike in testis tissue, there was an additional 
3.2-kb mRNA species (Fig. 6B, top right). Expression was not 
detectable in other tissues, including some with high cellular 
proliferation. This indicates that increased thymic and testicu- 
lar mrec8 expression was unlikely to simply reflect cellular 
proliferation in these tissues. We conclude that hrec8 mRNA 
expression is increased in meiotic as well as postmeiotic testis 
cells and is also detectable in thymus cells. 

Experiments on complementation of fission yeast rec8::ura4 
by human hrec8 cDNA. Sequence similarity was demonstrated 
for fission yeast and human Rec8p, and both genes were ex- 
pressed in meiosis. If the two proteins have common functions, 
hRec8p might be able to substitute for Rec8p function in S. 
pombe. Two sets of experiments were performed. The ho- 
mothallic strain PA43 with the rec8::ura4 disruption was trans- 
formed with pREP41 (control) and pREP41-hrec8. Individual 
transformants were brought to conjugation and sporulation, 
and the resulting spores were checked for viability. Untrans- 
formed PA43 showed a low spore viability of 9% compared to 
that of a rec8 wild-type strain. The vector alone had no effect 
after transformation into PA43, but pREP41-hrec8 increased 
spore viability to 48% (normalized to that of the rec8 wild-type 
strain [data not shown]). 

Complementation of spore viability is expected to be due to 
restoration of high recombination frequency. Therefore, the 
heterothallic strains PA21 and PA22, suitable for recombina- 
tion analysis, were transformed by pREP41 (control) and 
pREP41-hrec8. In this experiment, crossing the two uritrans- 
formed strains resulted in low (18%) spore viability while 
transformation with the vector yielded 24% spore viability. 
Transformation with pREP41-hrec8 increased the spore via- 
bility to 38%. These results are qualitatively similar to those 
described above and may indicate partial complementation of 
the reduced spore viability phenotype by Hrec8p (data hat 
shown). Neither intragenic recombination measured between 
the ade6-M26 and ade6-52 alleles nor intergenic recombination 
examined in the pro2-arg3 interval was significantly different 
from that in crosses of the uritransformed strains (data not 
shown). These results show that the partial complementation 
of spore viability may be of doubtful significance. 

DISCUSSION 

In this study, we have further elaborated the function of the 
fission yeast rec8 gene, whose product is a phosphoprotein 



3522 PARISI ET AL. 



Mol Cell. Biol 



rec8sc 
rec8 
hrec8 
rad21 

rec8sc 
rec8 
hrec8 
rad21 

rec8sc 
rec8 
hrec8 
rad21 

rec8sc 
rec8 
hrec8 
rad21 

rec8sc 
rec8 
hrec8 
* rad21 

rec8sc 
rec8 
hrecS 
rad21 

rec8sc 
rec8 
hrec8 
rad21 

rec8sc 
rec8 
hrec8 
rad21 

rec8sc 
rec8 
hrec8 
rad21 

rec8sc 
rec8 
hrec8 
rad21 

rec8sc 
rec8 
hrecB 
rad21 

rec8sc 
rec8 
hrec8 
rad21 




656 PVA DAj 
544 
533 
609 



FIG. 5. 



critical for meibtic sister chromatid cohesion and correct chro- 
mosome segregation. We describe the sequence conservation 
of rec8 in humans and present evidence that hrec8 is the human 
homolog of fission yeast rec8. We also demonstrate that the 
rec8 class of genes shows sequence homology to the radii class 
of mitotic, cell cycle-regulated phosphoproteins involved in 
sister chromatid cohesion, chromosome condensation, and 
DNA double-strand break repair. The findings suggest that 
radii and rec8 are the mitotic and meiotic members, respec- 



tively, of a new gene family involved in multiple aspects of 
DNA metabolism. 

Here we present a unifying hypothesis to explain the obser- 
vations on Rec8p. In this context, some special features of 
fission yeast meiosis need to be kept in mind. S. pombe main- 
tains the bouquet structure of chromosomes throughout mei- 
otic prophase, with concomitant absence of a fully tripartite 
synaptonemal complex and of crossover interference (for re- 
views, see references 37, 39, and 68). The retention of linear 
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elements resembling the axial cores of synaptonemal complex 
indicates that these structures are of fundamental importance 
for meiotic recombination and chromosome segregation. Dur- 
ing prophase of fission yeast meiosis the horse-tail nuclei move 
continuously from end to end of the cylindrical cells. At the 
leading end of the elongated nuclei, all telomeres are clustered 
to form and maintain the bouquet structure of chromosomes 
(13, 81). disruption of the integrity of the spindle-pole body 
arid/or telomere clustering by mutation leads to reduction of 
meiotic intra- and intergenic recombination frequencies (15, 
59, 73). When nuclear movement was abolished by mutation of 
a motor protein required exclusively for horse-taii nucleus 
movement* recombination was also reduced (31). In all cases, 
about a fivefold reduction of recombination frequencies re- 
sulted; 

The primary functions of Rec8p: a working hypothesis. We 
propose that freshly synthesized Rec8p binds to the sites of 
initiation of recombination that are a subset of the sites of early 
pairing between related DNA sequences (re)established im- 
mediately after premeiotic DNA replication. It is likely that at 



FIG. 5. rad21/rec8 gene family. (A) Alignment of the predicted amino acid 
sequence of S. pombe Rec8p with human Rec8p, an 5. cerevisiae Rec8p homolog 
(RecSp 5 *), and the founding family member, Rad21p. Letters in black boxes 
represent identical amino acids in at least two species, whereas those in gray 
boxes represent similar (P, A, G, S, and T; E, D, N, and Q; V, I, L, and M; F, W, 
and Y; R, K, and H) amino acids. Gaps introduced into the sequences for 
alignment optimization are shown as dots. Numbers denote amino acid numbers 
in the sequence. (B) Alignment of the conserved N- and C-terminal amino acid 
regions (top and bottom, respectively) of rad2l/rec8 gene family members from 
different species. Sequences shown here are as follows: rec8sc, S. cerevisiae Rec8p 
homolog (GenBank accession no. U31900); rec8 (reference 46 and this study); 
hrec8 (present study); SCC1, S. cerevisiae Rad21p homolog (28, 49) (GenBank 
U23759); rad21, 5. pombe Rad21p (8); cer21a and cer21b, first and second C. 
elegans Rad21p homologs (reference 48 and this study) (GenBank U40029 and 
U38377, respectively); mrad21 and hrad21, mHR21'P and hHR21*P (mouse and 
human Rad21p homologs) (48) (GenBank X98293 and X98294, respectively); 
and PSEUDO, hHR21 sp pseudogene on chromosome X (GenBank HSU85A3). 
RecS", Rec8p, and hRecSp are the S. cerevisiae, S. pombe, and human Rec8 
proteins that are the subject of this publication. Amino acid shading and general 
features of the alignment are as in panel A. Regions of less highly conserved 
sequence exist between the blocks and are indicated by dashes arid arrowheads. 
The arrowhead at the end of cer2ia represents 22 nonconserved amino acids at 
its C terminus. The arrowhead at the beginning of cer21b represents 55 noncon- 
served amino acids at its N terminus. (C) Unrooted phylogenetic tree of Rad21 
and Rec8 proteins from different species. Evolutionary distances between the 
proteins from different species are indicated by the lengths of the lines in the 
figure. The sequences represented here are the same as in panel B, except that 
for reasons of clarity, the mHR21 sp protein (and the pseudogene) are not on the 
tree because of their evolutionary proximity to hHR21 sp p. 



this early stage, ectopic interactions between repeated se- 
quences on different chromosomes occur as well as truly ho- 
mologous DNA contacts. Little is known about the mecha- 
nisms involved in the formation of the first contacts between 
homologous chromosomes and the resolution of ectopic inter- 
actions. In S. cerevisiae, early contacts between homologous 
chromosomes occur before double-strand breaks initiate re- 
combination, and it was proposed that assembly of the recom- 
bination initiation complex occurs in a succession of events at 
sites of sister chromatid cohesion (for reviews, see references 
37 and 68). 
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Rec8p binding to the developing recombination initiation 
complex is proposed to be required for the start of linear- 
element polymerization. Linear elements, in turn, are proposed 
to contribute to extension and stabilization of homologous 
chromosome pairing and to maintenance of recombination 
intermediates once initiation has occurred. In particular, we 
suggest that linear-element formation is important in chromo- 
some regions far from the telomeres. Rec8p binding to early 
homologous contacts is also proposed to enhance sister chro- 
matid cohesion directly, or indirectly by promotion of linear- 
element polymerization. 

The phosphorylation of Rec8p may play a structural role in 
Organizing the chromosomes during prophase (e.g., repulsion 
of DNA backbones). Alternatively, or in addition, phosphate 
groups may be introduced in response to completion of specific 
steps of the pairing and recombination pathway, in order to 
signal their occurrence to other components of the nucleus. 
Another regulatory function of the kinase(s) phosphorylating 
Rec8p may be the promotion of events at the chromosomes 
after completion of processes elsewhere in the cell,, in partic- 



FIG. 6. Chromosomarassignment and tissue specificity of mammalian rec8 
mRNA expression. (A) FISH was used for hrec8 c^^om^sbma^*^signment; 
biotinylated full-length hrec8 cDNA was hybridized with* human metaphase 
spreads. (Left) Specific double- hybridization signals on chromosome 14ql 1.2-12 
(arrowheads). (Right) DAPI staining of the same metaphase spread. (B) To 
examine mammalian rec8 mRNA expression, Northern blots.of RNA from var- 
ious mouse and human tissues and different testis fractions were hybridized with 
an hrec8 cDNA probe (top). (Top left) Single lane from a previously reported 
total RNA blot of mouse testis (Fig. 4 of reference 48); since no transcripts were 
detected in other tissues (thymus, brain, muscle, kidney, heart, liver, spleen, and 
ovary), these lanes are not shown here. (Top middle) Murine testis fractions 
representing meiotic (spermatocytes) and postmeiotic (a mixture of round and 
elongating spermatids) fractions. (Top right) Qontech multiple-human-tissue 
blot (no. 7754-1). There was some cross-hybridization of the hrec8 probe with 
trace amounts of 28S rRNA, as previously observed by us (data not shown). 
(Bottom left and middle) Ethidium bromide staining of rRNA indicating lane 
loading. (Bottom right) The multiple tissue blot was rehybridized with a p-actin 
control for lane loading. The positions of the 28S and 18S rRNA bands are 
shown on the left, while the transcript sizes (in kilobases) are indicated on the 
right. 

ular, resolution of recombination intermediates and relaxation 
of sister. chromatid cohesion in the chromosome arms at mei- 
osis I. ' " 

The persistence of phosphorylated Rec8p after meiosis I 
may be required for cohesion of the centromeres, as proposed 
for the phosphoprotein Corl/SCP3 of rats. Corl relocates from 
the dissolving lateral elements to the centromeric regions of 
chromosomes and persists there until anaphase II (20, 53). A 
role in centromere cohesion before anaphase II has been es- 
tablished for the Mei-S332 protein of Drosophila (36). 

Evaluation of the hypothesis on primary Rec8p functions. 
First, we consider early Rec8p functions. An alternative to the 
model presented above may propose binding of ReciSp to spe- 
cific sites on replicated chromosomes and subsequent forma- 
tion of homologous contacts, leading to linear-element forma- 
tion and recombination initiation. If this equivalent model 
applies, it may also be proposed that Rec8p binds to sites of 
sister chromatid cohesion formed during premeiotic DNA rep- 
lication by the same mechanism as in mitotic DNA replication 
and thus involving mitotic cohesins. Scclp/Mcdlp, the S. cer- 
evisiae homolog of Rad21p, was reported to bind to chromo- 
somes during mitotic S phase (28, 49). 

A number of proteins involved in recombination were shown 
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to form foci on the chromosomes during meiotic prophase 
(see, e.g., references 10 and 72). It remains to be demonstrated 
whether Rec8p foci colocalize with recombination enzymes 
loading onto the initiation sites of recombination. We propose 
loading of Rec8p onto emerging recombination initiation com- 
plexes as a parsimonious way to ensure that linear-element 
formation occurs at the sites where stabilization of recombi- 
nation intermediates is required. Ultimately, sister chromatid 
cohesion in the chromosome arms is required after crossover 
formation and recombination complex (nodule) dissolution, 
and it must then be maintained up to anaphase I. However, 
sister chromatid cohesion may also have a function in early 
prophase of fission yeast meiosis. Its presence in wild-type 
early prophase and its absence in rec8 mutant prophase have 
been demonstrated (54, 70). 

With Rec8p antisera, the protein was localized to about 100 
foci in prophase nuclei (Fig. 3). The^^ayejage number of cross- 
overs per fission yeasfcmeiosis is 45:(§^Thus, sufficient Rec8p 
ioci form during. P^plyyp^^ ~ 
events not associated with crossing ovef^W roughly 1:2 relation 
between crossover and conversion events was proposed early in 
the' analysis of intragenic recombination of S^cWei>isiae (for a 
review, see reference 61)^ and is consistent with the existing 
data on S. pombe (88). Smith and Roeder (77) proposed that 
Redl protein nucleates the formation of axial elements in & 
ccrevisiae and plays a role in meiotic sister chromatid cohesion. 
Redl also interacts with a protein phosphatase (83). The re- 
spective roles of Redl and the S. cerevisiae Rec8p homolog 
(see below) remain to be investigated. 

As reviewed by Kleckner (37), the lateral elements may 
stabilize the initial homologous contacts by firmly organizing 
the two sister chromatids attached to them. DNA regions close 
to the sites of attachment of chromatin loops to the lateral 
elements may then be protected for maintenance of their in- 
teractions with one of the homologous chromatids throughout 
prophase, until the recombination intermediates are resolved. 
Genetic and cytological data collected on rec8 mutants clearly 
demonstrated the involvement of Rec8p in sister chromatid 
cohesion and consequently in correct chromosome segregation 
in meiosis I (54). Rec8p may also be involved in late sister 
chromatid cohesion that is required for maintenance of chias- 
mata until transition from metaphase to anaphase I (for a 
review, see reference 52). Late sister chromatid cohesion must . 
be independent of linear elements, since degradation of linear 
elements clearly occurs before meiosis I (2). Concurrently, 
nuclei approaching meiosis I also stop nuclear movement (13, 
81). 

Rec8p is phosphorylated during meiotic prophase. Its mi- 
totic hOmolog, Rad21p, is multiply phosphorylated on serine 
and threonine residues, and its phosphorylation status varied 
through the cell cycle (9). The transition from unphosphory- 
lated to phosphorylated Rec8p occurs early in prophase (Fig. 
4), perhaps in connection with linear-element polymerization. 
Additional (de)phosphorylation steps may occur at the transi- 
tions to completion of recombination and linear-element deg- 
radation. The presence of Rec8p even after meiosis I suggests 
a further role for the protein that may be similar to the one 
proposed for the rat SCP3/Corl lateral-element component. 
SCP3/Corl is a phosphoprotein whose phosphorylation state 
changes during pachytene (43). Relocation of Rec8p to the 
centromeres of chromosomes, as demonstrated for Corl in rat 
meiosis (20, 53), is consistent with our results in Fig. 4. Re- 
cently, Watanabe and Nurse (87) obtained evidence for bind- 
ing of Rec8p to the centromeric regions of chromosomes be- 
fore meiosis I and persistence of this binding up to meiosis II. 
Their work emphasizes the function of Rec8p at the centro- 



meric regions of the chromosomes, but they also observed 
localization of Rec8p throughout the nucleus during meiotic 
prophase. 

Region specificity of recombination reduction in rec8 mu- 
tants. De Veaux and Smith (18) showed that rec8, reclO, and 
reel I point mutations reduce the recombination frequency 
more than 100-fold in the central part of chromosome III but 
not more than 10-fold in chromosomes I and II. They proposed 
that the respective wild-type proteins activate recombination in 
some chromosome regions but not in others. Our additional 
data showing strong reduction also in the central regions of 
chromosomes II and I (Fig. 2), as well as similar results ob- 
tained independently (42), do not exclude this hypothesis. 
However, the results are at odds with our hypothesis proposing 
that Rec8p binds to all early homologous contacts that will be 
resolved as recombination events. We suggest an alternative 
explanation, assuming that several factors contribute to the 
high level of meiotic recombination and that they are of vari- 
- staple i m portajC£jiaJ^ , r _ 

Meiotic recombination frequencieTare 2 to 3 orders of mag- 
nitudeabove tjhe mitotic recombination frequencies in fission 
yeast (50), as in other organisms (3): Disruption of spindle pole' 
integrity and telomere clustering leads to about a fivefold re- 
duction of recombination frequencies (15, 59, 73). -A similar 
result was obtained when nuclear movement was abolished 
(31). Thus, formation and maintenance of "the bouquet" and 
nuclear movement are two factors contributing to high levels of 
meiotic recombination. However, this contribution is minor 
compared to other factors. We suggest that the vigorous nu- 
clear movement may also act negatively, leading to disruption 
of homologous pairing before recombination intermediates are 
resolved. This would reduce recombination frequencies most 
strongly in regions that are under greater mechanical stress. 

Our model for primary Rec8p function proposes that linear 
elements contribute to the stabilization of recombination 
intermediates. The small reduction of recombination in the 
vicinity of the telomeres (Fig. 2) may then result from main- 
tenance of pairing due to telomere clustering and little disrup- 
tion by chromosome movement. In contrast, in the regions far 
from the telomeres, the loss of stabilization by linear elements 
may frequently lead to disruption of recombination interme- 
diates due to mechanical stress. While recombination reduc- 
tion is larger than 2 orders of magnitude in the centromeric 
regions of chromosomes II and III, it is less pronounced in the 
centromeric region of chromosome I. Interestingly, both arms 
of chromosome III and one arm of chromosome II are shbrt, 
while both arms of chromosome I are longer. Long arms may 
experience less mechanical stress than short arms. 

An alternative explanation for the strong region specific re- 
duction of recombination frequency in rec8 mutant strains maiy 
be the involvement of another protein, fulfilling similar func- 
tions to Rec8p only at the ends of chromosomes. However, the 
slight reduction of recombination frequencies at the telomere 
regions in rec8 mutant strains indicates that ReeBp also has a 
function at the ends of chromosomes. 

The rad21/rec8 gene family and cloning of a human recti 
homolog. On the basis of amino acid similarity to Rec8p, we 
identified a human homolog of fission yeast rec8. hrec8 was ' 
homologous both to rec8 and radii of fission yeast and to the 
previously described human radii homolog (48) (see above). 
The degree of homology is well within the range previously 
found for orthologous yeast-mammalian DNA repair and me- 
tabolism genes (23). 

We also identified a rec8 homolog, fec8? c y within the pub- 
lished budding-yeast genome. Interestingly, disruption of the 
& cerevisiae recS* gene resulted in no detectable phenotype 
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under vegetative growth (spore germination, growth on differ- 
ent media, and resistance to UV radiation and methyl meth- 
anesulfonate). However, homozygous deletion of recS 50 re- 
sulted in loss of sporulation (4). 

Given the sequence homology between rad21 and rec8 fam- 
ily members, which genes are true homologs in the different 
species? For a number of reasons, it is likely that the designa- 
tion we use here is correct. First, in the regions of conserved 
sequence, there are key residues conserved between the rec8 
family members which are not conserved in the radii group, 
and vice versa. For example, with reference to human Hrec8p 
(Fig. 5A and B), the residues at position 17 are T or V in rec8 
genes but mostly K in rad2l genes; at position 25, rec8 genes 
have all G residues whereas the others have different amino 
acids; at position 94, H and S are present in rec8 genes and 
mostly E is present in rad2l genes. Likewise, T23 and S26 are 
conserved between Rec8p and Hrec8p, but the rad21 genes 
carry a chemically different amino aaa/Second, deletion of the 
xradZLiandSCCl/M ^i^^^^^fijgjpn an^J^(|mgf^fi§sts- 
revealed that they are essential formitofic growth. Hypomor- 
phic alleles show similar phenotypes in mitotic cells (8, 28, 49). 
In contrast, deletion of .the rec8 genes in bVttfyeast species 
resulted in nonvitai phenotypes restricted to meiosis and 
^sporulation (reference 4 and our results). Third, Hrec8p may 
s partially complement the low spore viability of a fission yeast 
tecS deletion strain but fails to complement recombination 
deficiency. 

We did not find a clear separation of rad21 from rec8 classes 
on phylogenetic analysis of the rad21/rec8 gene family. For 
some duplicated genes involved in DNA metabolism, e.g., 
RAD23 and RAD6 of S. cerevisiae (40, 84), gene duplication 
apparently occurred during the one billion or more years of 
evolution from yeasts to mammals (38). For the rad21/rec8 
family, however, it appears that gene duplication occurred 
earlier, before differentiation of yeasts and other eukaryotes, 
probably with the evolution of meiosis itself. Further, as evi- 
denced by the lengths of the lines in Fig. 5C, the rec8 genes 
appear to have evolved at a higher rate than the corresponding 
radii genes in the respective species. The common root be- 
tween the two C. elegans proteins and hHR21 sp (Fig. 5C) also 
suggests that these sequences are derived from the same an- 
cestral gene. Since radii and rec8 genes exist in budding yeast, 
fission yeast, Drosophila (85), and mammals, they are likely to 
be present in intermediate species as well. Thus, a rec8 ho- 
molog may eventually be identified in C. elegans. 

hrec8 was mapped by FISH to chromosome 14qll.2-12 (Fig. 
6A). This locus does hot correspond to any known human 
disease. Previously, sequence-tagged sites corresponding to 
hrec8 were mapped to chromosomes 1, 5, 14, and X (Gene- 
thon). The mapping to X may represent cross-hybridization to 
the hHR21 sp intronless pseudogene located on the X chromo- 
some (GeriBank accession no. HSU85A3). Apparently this 
pseudogene originated recently in evolution, given the high 
degree of identity to hHR21 sp (data not shown). 

As with the mouse rad21 homolog, mHR21 sp , mRNA for- 
mation from rhrec8 was high in testis tissue and detectable 
above baseline in thymus tissue. Recombination occurs in both 
these tissues. However, unlike mHR21 sp , mrec8 was highly ex- 
pressed in postrheiotic testis tissue (Fig. 6B). The transcript 
seen in postmeiotic cells did riot represent cross-hybridization 
of mrec8 with the mHR21 sp gene, since mHR21 sp mRNAs differ 
in size and since nucleotide sequence similarity between these 
genes is poor in the region of the probe used for hybridization 
(data not shown). The significance of mrec8 expression in post- 
meiotic testis cells is unknown. However, in view of the role for 
a rad21/rec8 family member in chromatin condensation (28), 



mrec8 may be involved in the marked chromatin repackaging 
accompanying spermiogenesis. 
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